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ACCESS TO BEAM [IME AT THE 
ADVANCED PHOTON SOURCE 


Five types of proposals are used at the Advanced Photon Source (APS): general user, partner 
or project user, collaborative access team (CAT) member, CAT staff, and APS staff. All beam time 
at the APS must be requested each cycle through the web-based Beam Time Request System. 
Each beam-time request (BTR) must be associated with one of the proposals mentioned above. 


GENERAL USER PROPOSALS AND BTRS 

Proposals are peer reviewed and scored by a General User Proposal Review Panel, and time 
is allocated on the basis of scores and feasibility. Anew BTR must be submitted each cycle; or 
each cycle, allocation is competitive. Proposals expire in two years or when the number of shifts 
recommended in the peer review has been utilized, whichever comes first. 


PARTNER OR PROJECT USER PROPOSALS AND BTRS 

Proposals are peer reviewed by a General User Proposal Review Panel and reviewed further 
by a subcommittee of the APS Scientific Advisory Committee and by APS senior management. Al- 
though a new BTR must be submitted each cycle, a specific amount of beam time is guaranteed for 
up to three years. 


CAT MEMBER PROPOSALS 


Proposals from CAT members are typically much shorter and are reviewed by processes de- 
veloped by individual CATs. Allocation/scheduling is determined by the CAT management. 


CAT AND APS STAFF MEMBER PROPOSALS AND BTRS 

These proposals are also very short and are reviewed through processes developed by either 
the CAT or the APS. Each CAT/beamline determines how beam time is allocated/scheduled. Col- 
laborative access team and/or APS staff may submit general user proposals, in which case the 
rules for general user proposals and BTRs are followed. 

In addition to the above, the APS has developed an industrial measurement access mode 
(MAM) program to provide a way for industrial users to gain rapid access for one-time measure- 
ments to investigate specific problems. A MAM proposal expires after one visit. 

The APS User Information page (https://www1.aps.anl.gov/Users-Information) provides access 
to comprehensive information for prospective and current APS users. 
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THE ADVANCED PHOTON SOURCE FACILITY AT ARGONNE NATIONAL LABORATORY 


The Advanced Photon Source (APS) occupies an 80-acre site on the Argonne National Laboratory campus, 
about 25 miles from downtown Chicago, Illinois. It shares the site with the Center for Nanoscale Materials and the 
Advanced Protein Characterization Facility. 

For directions to Argonne, see http://www.anl.gov/directions-and-visitor-information. 

The APS, a national synchrotron radiation research facility operated by Argonne for the U.S. Department of Energy (DOE) 
Office of Science, provides this nation’s brightest high-energy x-ray beams for science. Research by APS users extends from the 
center of the Earth to outer space, from new information on combustion engines and microcircuits to new drugs and nanotech- 
nologies whose scale is measured in billionths of a meter. The APS helps researchers illuminate answers to the challenges of 
our high-tech world, from developing new forms of energy, to sustaining our nation’s technological and economic competitive- 
ness, to pushing back against the ravages of disease. Research at the APS promises to have far-reaching impact on our tech- 
nology, our economy, our health, and fundamental knowledge of the materials that make up our world. 


CONTACT US 
For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4115, Ar- 
gonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439. 
To order additional copies of this, or previous, issues of APS Science email to apsinfo@aps.anl.gov. 


1[m] To download PDF versions of APS Science Visit the APS on the Web at [m] [m] 
back issues go to www1.aps.anl.gov/ 3 
www.aps.anl.gov/Science/Reports/ d 
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Stephen K. Streiffer 


May 2017 

Those of us who are fortunate 
enough to be entrusted with operation 
of a research facility such as the Ad- 
vanced Photon Source (APS) like to 
mark the passing of time with mile- 
stones. As you can see from the 
chronology on the facing page, the APS 
has had a lot of them. For instance, in 
1995, the first x-ray light from our accel- 
erator was cheered (and we made sure 
to celebrate the 20th anniversary). 

But the milestone we use as our 
touchstone is the one in 1996 when our 
sponsor, the U.S. Department of Energy 
(DOE), gave the APS official sanction to 
begin operations and the first high- 
brightness x-ray beams flashed down a 
beamline to users waiting enthusiasti- 
cally in our experiment hall. 

Today, thousands of users, more 
than 20,000 (and counting) peer-re- 
viewed publications, and myriad discov- 
eries about our world later, we are tight- 
ening our focus on the future of the 
APS and synchrotron x-ray science with 
great excitement. 

While free-electron lasers, such as 
our sister DOE Office of Science facility 
the Linac Coherent Light Source at 
SLAC National Accelerator Laboratory, 
have opened exciting new vistas for x- 
ray science, new ideas for particle ac- 
celerators, x-ray beamline instrumenta- 
tion, and experimental techniques are 


revolutionizing the future of storage 
ring-based x-ray sources like the APS 
here at Argonne National Laboratory. 
We plan on taking full advantage of 
those new ideas. 

At the age of 21, the APS is, in 
people years, just entering maturity. 
We'll buy that. Twenty-one years on 
from those first x-rays, we like to think 
we have this light source business fig- 
ured out. We routinely deliver x-rays de- 
pendably, on schedule; those x-ray 
beams are stable (they hit where they 
are needed); and we know, as we've al- 
ways known, that the well-being and 
productivity of our customers, the users, 
drive everything we do. 

S0, now it is time to look toward 
building (literally) on the lessons 
learned and knowledge gained. We 
have embarked on a plan supported by 
our sponsor, the DOE, that will prepare 
the APS for the next phase in x-ray sci- 
ence and discovery. This plan, the APS 
Upgrade, will couple a vastly improved 
x-ray source to innovative, cutting-edge 
beamline instruments. The immediate 
beneficiaries of this plan will be our 
staff, who get to build and operate an 
exciting new machine, and our users, 
who will do as they have always done: 
produce a torrent of new research while 
expanding the possibilities afforded by 
new technologies. 

Long-term, the winners will be our 
fellow citizens, whose lives will be fur- 
ther enriched by the breakthroughs that 
the APS Upgrade will enable, just as 
they have benefited from the science al- 
ready produced at the present APS. 

Jim Kerby, at the time of this writing 
the APS Upgrade Interim Project Direc- 
tor, follows this "Welcome" with an elo- 
quent appreciation of Stuart Henderson, 
who successfully shepherded the APS 
Upgrade before leaving us to take the 
well-deserved job as Director of the 
DOE's Jefferson Lab. Working with Stu- 
art has been a highlight of my time at 
the APS. 

We think the Upgrade is well re- 
garded in the places that matter. We 
like it a lot. You could even go so far as 
to say we are thrilled by the possibilities 
it presents; you would be correct. 


But the Upgrade itself is only one 
part of our goal for the APS. 

Every successful organization 
needs a vision. This is ours: Operate 
and develop hard x-ray user facilities 
and advance the forefront of x-ray sci- 
ence, transforming exploration of en- 
ergy, biological, and other functional 
materials, chemistries, and systems, to 
overcome global challenges to sustain- 
able energy, health, and national secu- 
rity. 

We want to play a central role in 
advancing hard x-ray science and tech- 
nology as we exploit the APS Upgrade 
x-ray energy, brightness, and coher- 
ence. We aim to leverage the leader- 
ship computing, math, and computer 
science resources at Argonne in order 
to meet the computational challenges 
presented by an ever-increasing torrent 
of research data that can only grow in 
the time of the Upgrade. We will lever- 
age Argonne leadership in hard x-ray 
science across the Lab to ensure that 
the Upgrade fulfills its research mission. 
And we will create an atmosphere 
where our people can develop concepts 
for future x-ray sources and accelerator 
technologies. All this, while we sustain 
excellence, improve efficiency in day-to- 
day APS operations, operate in a man- 
ner that assures the safety of our staff 
and users and respects the environ- 
ment, maintain a diverse and nurturing 
workplace, and prepare the next gener- 
ations of scientists. 

These are the very definition of 
lofty goals, but my time at the APS has 
given me great confidence in the ability 
of our people; | know they will deliver. 

| hope you will read the highlights 
in this 15th edition of APS Science with 
an appreciation for the remarkable re- 
search enabled by our staff and pro- 
duced by our users. At the same time, 
look at these highlights as preludes to 
the great science still to come. 

Stephen K. Streiffer 
Argonne National Laboratory 
Associate Laboratory Director, 
Photon Sciences; 
and Director, Advanced Photon Source 


ADVANCED PHOTON SOURCE CHRONOLOGY 


March 14, 1984: "Planning Study for Advanced National Synchrotron-Radia- 
tion Facilities," sponsored by the U.S. Department of Energy (DOE) Office of 
Basic Energy Sciences (Peter Eisenberger and Michael L. Knotek, co- 
chairs), gives first priority to construction of synchrotron-radiation facility opti- 
mized for insertion devices 


July 24, 1984: "Major Facilities for Materials Research and Related Disci- 
plines," sponsored by the Major Materials Facilities Committee of the Com- 
mission on Physical Sciences, Mathematics, and Resources of the National 
Research Council (Dean E. Eastman and Frederick Seitz, co-chairs), gives 
highest priority to construction of facility with undulator radiation in the hard 
x-ray region of spectrum 


February 1986: “6-GeV Synchrotron X-Ray Source Conceptual Design Re- 
port” published by Argonne National Laboratory 


April 1987: “7-GeV Advanced Photon Source Conceptual Design Report” 
published by Argonne National Laboratory 


May 1988: DOE approves new-project start 
October 1, 1989: First construction funds released by DOE 


June 4, 1990: Groundbreaking ceremony and start of Advanced Photon 
Source (APS) facility construction 


October 7, 1993: Begin linac commissioning (50-MeV electron beam) 
April 17, 1994: First electron beam stored in particle accumulator ring 
July 31, 1994: Linac positron-current performance specifications met 
January 22, 1995: First 7-GeV electron beam in booster synchrotron 


February 20, 1995: First injection of 7-GeV electron beam from booster syn- 
chrotron to storage ring 


March 18, 1995: First turn of 7-GeV electron beam in storage ring 
March 25, 1995: First stored electron beam (4.5 GeV) 


March 26, 1995: First storage ring bending magnet radiation detected in 
Sector 1 (beamline 1-BM-A) 


April 15, 1995: First stored 7-GeV electron beam 


August 9, 1995: First x-ray beam from APS undulator in Sector 1 (beamline 
1-ID) 


October 11, 1995: Attain DOE storage-ring commissioning milestone of 20- 
mA operation, minimum 10 hours of beam lifetime 


January 12, 1996: First 100-mA stored electron beam 


January 26, 1996: First undulator operated with 100-mA stored electron 
beam 


May 1, 1996: APS dedication ceremony in APS experiment hall 
July 30, 1996: First stored 7-GeV positron beam 
July 31, 1996: First stored positron beam at 100-mA current 


August 8, 1996: Secretary of Energy signs Key Decision #4 declaring 
project completion milestone 


The Advanced Photon Source 





Stuart Henderson 


This is a bittersweet update for me 
to finish. As many of you may know, I 
have left Argonne National Laboratory 
and the Advanced Photon Source to 
serve as the next Director of Jefferson 
Laboratory. 

It is hard to believe that | came to 
the APS just three years ago to con- 
tinue the great work done earlier on the 
APS Upgrade (APS-U). It has been a 
real pleasure and a tremendously satis- 
fying experience for me to lead the 
great team that we've assembled to- 
ward delivering a state-of-the-art facility 
to support the needs of the scientific 
community for the foreseeable future. 

Importantly, the project's timeline 
remains on track, thanks to the tremen- 
dous efforts of many people at the APS 
and within the broader APS community. 

Last fall, the Department of Energy 
approved Critical Decision 3B for the 
APS-U. This important step provides 
the authority to begin procurement of 
long-lead components, and we are 
working toward the first procurements 
of production hardware later this year. 
The procurement plan calls for placing 
an order for the first set of the APS-U 
quadrupole magnets, which is an im- 
portant step in the trajectory of the 
APS-U. 

In addition, in mid-March DOE's 
Basic Energy Sciences (BES) Program 
held a status review of the project to as- 
sess our progress toward the next ma- 
jor milestone — the preparation of the 
proposed "baseline" for the project, 
which is the firm scope, cost and 


schedule for the APS-U. This is a criti- 
cal next step. To that end, project staff 
are hard at work to complete the prelim- 
inary design and document the techni- 
cal design in a Preliminary Design Re- 
port, one of the key deliverables for 
approval of the project's baseline. 

We know we are moving in the 
right direction toward completing the 
Upgrade, so as to meet the scientific 
needs of our more than 5000 academic, 
laboratory and industrial researchers — 
while also driving the discoveries and 
processes that will make life better for 
everyone. 

Lastly, the project remains in very 
capable hands: at the time of writing, 
Jim Kerby is serving as Interim Project 
Director, providing the experience and 
continuity required to keep the project 
on track. In addition, Mark Beno was 
named Technical Director for the APS- 
U, a newly created position in which he 
will offer high-level technical expertise, 
with an emphasis on integrating APS-U 
investments with the overall APS beam- 
line strategy. Meanwhile, the search 
process for the next APS-U Project Di- 
rector is under way. 

| am grateful for all the hard work 
and support that so many people have 
shown for this important project. 

Thank you, and onward! 

Stuart Henderson 
former APS-U Project Director 





Jim Kerby 


| believe | speak for everyone on 
the APS-U Project in expressing our 
thanks to Stuart and wishing him the 


Upgrade Project 


very best at Jefferson Laboratory. His 
leadership of the APS-U has been ex- 
ceptional, as can be seen by the facts 
that the Project is on very solid ground. 

That said, the Project is continuing 
to move forward. Later this year, the 
APS-U Preliminary Design Report will 
be complete, and will show the evolu- 
tion of our design over the course of the 
past several years. In the accelerator 
systems area, the largest single change 
has been improvement of the storage 
ring emittance to 42-picometers, more 
than 30% lower than the previous de- 
sign. In the experimental systems area, 
we have engaged the community to fur- 
ther develop our science case, and de- 
velop the requirements for insertion de- 
vices, front ends and feature beamlines 
to enable the exploration of that sci- 
ence. Thanks are due to everyone, 
staff and users, who helped in this 
process. 

In late June of 2017, we received a 
vote of confidence from the Scientific 
Facilities Division in the Basic Energy 
Sciences (BES) Program of the Office 
of Science. They concurred on our first 
purchases of several production items, 
including 160 of the 1320 magnets 
needed for the multi-bend achromat 
storage ring phase of the APS-U. While 
we have far to go, it is gratifying to re- 
ceive this first go-ahead from BES. 

Though we have a Project Director 
position to fill, the APS-U team as a 
whole has been strengthened in the 
past months by several key additions. 
The team is working hard, we have a 
fine design, and we look forward to cre- 
ating the best facility possible and en- 
abling the scientific explorations of the 
APS user community for decades to 
come. 

Jim Kerby 
APS Upgrade Interim Project Director 


The APS Upgrade Project is funded by the 
U.S. Department of Energy Office of Science 
under Contract No. DE-AC02-06CH11 
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PALEONTOLOGY 





THE TALE OF THE TULLY MONSTER: 
A WEIRD WONDER FOSSIL FINDS A HOME 


he soft-bodied Tullimonstrum gregarium, or Tully Monster, lived over 

300 million years ago during the Pennsylvanian Period in an ocean 

that covered much of what we now call the State of Illinois in the U.S. 
An amateur fossil hunter, Mr. Francis Tully, first discovered its traces in 1958 in 
a pile of shale discarded by coal miners, and copious other similar discoveries 
soon testified that the Tully monster was once abundant. But by modern stan- 
dards the animal looks so strange that no one has been quite sure what it was. 
In this extensive review, researchers analyzed over 1200 specimens with a vari- 
ety of experimental tools such as optical and electron imaging, and x-ray imag- 
ing at the APS in order to place the fossil on the correct limb of Earth’s family 
tree. The research team found that the Tully Monster belongs with the lampreys— 
modern, eel-like animals that attach to fish and extract blood with circular rows 
of teeth. Beyond the long awaited classification of Illinois’ official state fossil, this 
work shows that lamprey morphology was once much more diverse, extending 
the definition of what these animals can be and challenging the idea that lam- 
preys represent a “primitive” and relatively unchanged animal group. 


Note: A video about the Argonne Tully Monster research is at http://bit.ly/2ilt3Qw 
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Scientists have 
struggled for over 50 
years to classify the 
Tully Monster into a 
known phylum. Was it 
related to snails, or 
eels? Maybe it was a 
kind of worm? The 
Tully Monster resem- 
bles, in part, a cucum- 
ber, a crab, and a 
rubber torpedo. Its 
mouth opened like a 
claw at the end of a 
long proboscis. Its 
eyes attached not to 
its face, but capped a 
thin bar that ran per- 
pendicular to its body 
at the top of its head 
(Fig. 1). 

Earlier analyses 
had pegged the Tully 
Monster as a swim- 
ming gastropod, or 
snail, based on a line 
running down the ani- 
mal's body believed to 
be its gut. But this 
line, commonly called 
a "gut trace," usually ends at the anus 
just before the tail, and often appears 
dark. This gut-trace line was light-col- 
ored and extended into the tail. Also 
odd for a gut, it began not at the mouth, 
but at the fossil's eye bar. The re- 
searchers re-classified this line as a no- 
tochord—a cartilaginous rod that 
formed the basis of the backbone. The 
line was not plumbing used for diges- 
tion, but infrastructure for nerves and 
electrical signals. The researchers 
found a true gut trace in some speci- 
mens, and as expected, it ended just 
short of the tail. Unlike gastropods, the 
Tully Monster is a vertebrate. 

To determine what the fossilized 
structures were made of, the re- 
searchers in this study, from Yale Uni- 
versity, the American Museum of 
Natural History, the Field Museum of 
Natural History, Argonne National Labo- 
ratory, and the Yale Peabody Museum 
of Natural History used energy-disper- 
sive spectroscopy on the scanning 
electron microscope at the Field Mu- 
seum of Natural History in Chicago, Illi- 
nois, and synchrotron images collected 
at XSD x-ray beamline 8-BM-B of the 





Fig. 1. (a). Synchrotron elemental mapping of a Tully Monster fossil, showing variable 


preservation that helped to identify tissues (scale bar 1 cm). (b). A fossil Tully Monster, 
showing the notochord and other features (scale bar 1 cm). Facing page: A reconstruction, 


by Sean McMahon, of the Tully Monster in life. 


APS. This enabled the researchers to 
create elemental maps of the Tully 
Monster fossils. Among other findings, 
these maps showed that the fossils’ 
rows of pointy cone-shaped teeth were 
composed of keratin (the protein that 
protects epithelial cells from damage or 
stress) like those of lampreys, not chitin 
(the major constituent in the exoskele- 
ton of arthropods and the cell walls of 
fungi) found in gastropods. Further evi- 
dence affirming the Tully Monster’s 
lamprey lineage included gill pouches, 
a tongue-like organ, a dorsal fin, a sin- 
gle nostril, and a lamprey-like three- 
lobed brain. The examination also 
found that the proboscis was not flexi- 
ble, as previously thought, but charac- 
terized by three articulations. 

The Tully Monster fossil has been 
"problematic" for half a century, but with 
the aid of hundreds of specimens and 
modern microscopy techniques, this 
work settles the animal into its proper 
place. Perhaps most surprising is that 
the Tully Monster shares its lineage 
with a group of organisms believed to 
have evolved from a common ancestor 
that exhibits such little diversity today. 


Modern lampreys 
demonstrate so little 
variation in how they 
look and function, that 
some perceive them as 
a kind of largely un- 
evolved living fossil. 
This research demon- 
strates that throughout 
the millions of years 
they have existed, lam- 
preys have in fact un- 
dergone extensive 
evolutionary diversifica- 
tion, only a small 
amount of which re- 
mains in the form we 
now see. 

— Jenny Morber 
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AROUND THE APS: AWARDS & HONORS 


WEN oF XSD Wins DOE EARLY CAREER AWARD 

Haidan Wen of XSD received a DOE Early Career Award, 
a prestigious research grant for $2.5 million over five years. 
The effort, now in its seventh year, is designed to bolster the 
nation’s scientific workforce by providing support to exceptional 
researchers during the crucial early career years, when many 
scientists do their most formative work. The grant will fund 
Wen's research to develop a new imaging technique to catch 
dynamic snapshots of materials as they're changing and per- 
forming unusual phenomena, using x-rays at the APS. 


SHU OF XSD SHARES IN R&D 100 AwaARD 

Deming Shu, senior engineer for nanopositioning with 
XSD, was one of the recipients of a 2016 R&D 100 Award, 
which annually recognize the 100 most innovative technologies 
and services of the past year. The award was for development 
of the Hard X-Ray Scanning Microscope with Multilayer Laue 
Lens (MLL) Nanofocusing Optics, a high-throughput scientific 
imaging tool that routinely provides sub-20-nmr spatial resolu- 
tion imaging. This novel MLL-based, vacuum-compatible mi- 
croscope is a general-purpose x-ray microscopy tool that is 
suitable for a broad range of imaging experiments. For exam- 
ple, imaging techniques currently supported are: x-ray fluores- 
cence, ptychography, diffraction, differential phase contrast, 
and x-ray absorption spectroscopy. The system is installed at 
the Hard X-ray Nanoprobe beamline at the National Synchro- 
tron Light Source II facility at Brookhaven National Laboratory. 


JACOBSEN IS A 2016 ARGONNE DISTINGUISHED FELLOW 

Chris Jacobsen, special advisor to the Director of the APS 
for imaging and instrumentation, and professor in the Depart- 
ment of Physics and Astronomy (and member of the Applied 
Physics Program and the Chemistry of Life Processes Insti- 
tute) at Northwestern University, was named a 2016 Argonne 
Distinguished Fellow. Jacobsen’s research focuses on devel- 
oping new optics and computation methods in x-ray mi- 
croscopy and applying them to problems in biology, environ- 
mental science, and materials science. Argonne Distinguished 
Fellows represent only 3% of research staff at the Lab, making 
the award the highest scientific and engineering rank at Ar- 
gonne. Argonne Fellows are recognized internationally for their 
work and show the type of leadership that impacts Argonne’s 
future and its mission. 


Li iS THE RECIPIENT OF THE 201 6 APSUO ROSALIND 
FRANKLIN YOUNG INVESTIGATOR AWARD 

The APS Users Organization (APSUO) awarded the 2016 
APSUO Rosalind Franklin Young Investigator Award to Ling Li 
(Harvard University) for his work using high-resolution synchro- 
tron-based tomography techniques at the APS to develop a 
fundamental understanding of the mechanical and multifunc- 
tional design of biological materials. Li's research is motivated 
by the fact that our ability to rationally develop multifunctional 
engineering structural materials without compromising their 


mechanical performance is currently limited. This is due to the 
lack of a comprehensive understanding of the interplay be- 
tween multiple distinct and potentially conflicting properties, 
and the underlying structure. For example, the design of trans- 
parent structural materials is still primarily based on laminated 
glasses, which is a century-old technology. 


Users oF APS Receive DOC SILVER MEDAL 

Two scientists from the National Institute of Standards and 
Technology, Andrew Allen and Lyle Levine, were awarded the 
Department of Commerce Silver Medal for their groundbreak- 
ing work on the microstructure and dynamics in materials over 
many length scales and under real-world conditions. The sci- 
entists used the USAXS (ultra-small-angle x-ray scattering) in- 
strument on the XSD beamline 9-ID-C at the APS in their dis- 
coveries. They closely examined their samples’ microstructure 
and dynamics at different temperature, atmosphere, and pres- 
sure conditions. The USAXS instrument can determine the 
size or structure of a sample's components across multiple 
length scales from angstroms to about 20 um. The Silver 
Medal is the second-highest award granted by the Secretary of 
Commerce for distinguished and exceptional scientific/engi- 
neering achievement. 


Two APS Users NAMED “BREAKTHROUGH PRIZE” WINNERS 

Two users of the APS, Harry F. Noller, Director of the Cen- 
ter of Molecular Biology of RNA at the University of Southern 
California, and Stephen J. Elledge, Gregor Mendel Professor 
of Genetics and Medicine in the Department of Genetics at 
Harvard Medical School, were named “Breakthrough Prize” 
winners in life sciences. Both have used the high-brightness x- 
ray beams at the APS in their work, Noller at the GM/CA-XSD 
structural biology facility and Elledge at the NE-CAT facility. 
Elledge was honored for “elucidating how eukaryotic cells 
sense and respond to damage in their DNA and providing in- 
sights into the development and treatment of cancer.” Noller 
was honored for “discovering the centrality of RNA in forming 
the active centers of the ribosome, the fundamental machinery 
of protein synthesis in all cells, thereby connecting modern bi- 
ology to the origin of life and also explaining how many natural 
antibiotics disrupt protein synthesis.” 


APS USER MARKS WINS THE 2017 PRIESTLEY MEDAL 

Tobin J. Marks, the Charles E. and Emma H. Morrison 
Professor of Chemistry, Professor of Materials Science & Engi- 
neering, and the Vladimir N. lpatieff Professor of Catalytic 
Chemistry at Northwestern University, and a user of the graz- 
ing-incidence x-ray scattering instrument at APS beamline 8- 
ID-E, was selected as the 2017 winner of the Priestley Medal 
for “pioneering research in catalytic polymerization, 
organometallic chemistry, organic opto-electronic materials, 
and electronically functional metal oxides.” The Priestly Medal 
is the American Chemical Society’s highest honor, which rec- 
ognizes distinguished services to chemistry. 


ELECTRONIC & 
MAGNETIC MATERIALS 





Mary Upton, physicist and beamline scientist with the XSD Inelastic X-ray & Nuclear 
Resonant Scattering Group at the APS, places a sample in the resonant inelastic x-ray 
scattering spectrometer at the APS 27-ID-B x-ray beamline. This instrument is used to 
measure the intrinsic properties of electronic excitations, which are key to understanding 
the electrical and magnetic behaviors of materials. 
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APS user and first author Yishu Wang (California Institute of Technology) at the 6-circle diffractometer in the research station of the XSD 4-ID-D insertion de- 


vice x-ray beamline. A cryostat is mounted on the sample stage of the diffractometer. The sample being studied is inside a high pressure cell, set inside the 
cap at the end of the cryostat. Both the optical windows (transparent circle on the side) and the x-ray windows (brown kapton tape) on that cap are visible. 


Physicist and beamline scientist Yejun Feng of the XSD Magnetic Materials Group can be seen behind the instrument. 


n various materials that show unusual forms of superconductivity, in- The discovery of a high-pressure 
cluding the rare earth cuprates, heavy electron metals, and iron based superconducting phase in MnP in 2015 
pnictides, superconductivity typically emerges from a magnetically or- was motivated by knowledge of the ma- 


terial’s complex magnetic properties. 
Researchers already knew that MnP 
shows a helical spin ordering at ambi- 


dered state. Despite more than three decades of research, however, the pre- 
cise mechanism by which superconductivity takes hold remains unclear for all 


these systems. By means of magnetic x-ray diffraction studies at the APS re- ent pressure and at temperatures 

searchers have investigated the magnetic characteristics of a helical spin-order below 50K, which gives way to a ferro- 
phase preceding a recently discovered pressure-induced superconducting magnetic phase at a pressure of about 
phase in manganese phosphide (MnP). The work suggests that electron pair- 1 GPa. The ferromagnetic phase is re- 


placed by a new phase, thought to be 
antiferromagnetic, at about 2 GPa, and 
superconductivity sets in at about 7 


ing in the superconducting states could be triggered by spin fluctuations of hel- 
ical character (Fig. 1), retained from the adjacent ordered state. Furthermore, 


MnP and related transition metal compounds form a family of model systems GPa. 
for exploring the interaction between magnetic and superconducting states with A team of researchers from the 
spin character of a helical form. California Institute of Technology, Ar- 


gonne National Laboratory, and the 





Chinese Academy of Sciences using 
the XSD 4-ID-D x-ray beamline sought 
to clarify the character of the intermedi- 
ate magnetic state between 2 to 7 GPa 
in order to understand its connection 
with the adjacent superconducting 
state. 

Helical ordering means exactly 
what it says: the spins of electrons situ- 
ated along a line in the lattice have a 
fixed turn angle, or pitch, from one to 
the next. To detect this spin pattern, the 
researchers conducted non-resonant 
magnetic x-ray diffraction experiments 
on a sample of MnP held at AK in a 
specially designed high-pressure dia- 
mond anvil cell. Each anvil had wide 
perforations on one side so that x-rays 
could pass in and out of the sample 
with as little interference as possible 
from the environment. This was impor- 
tant because the diffraction signal the 
researchers were looking for was weak, 
10-8 of the signal from Bragg diffraction 
by the lattice. 

In general, a diffraction peak indi- 
cates periodic patterns of charges or 
spins (Fig. 1) since they both have in- 
teraction cross sections with x-rays. 
Here the pattern of observed peaks, 
mirror symmetric along one lattice axis 
on both sides of an ordered arrange- 
ment of charges, suggested that the ob- 
served diffraction is associated with a 
superlattice. The absence of peaks at 
half the value of transferred momentum 
value indicated the observed peaks to 
be fundamental. Moreover, both the low 
diffraction angles and the low intensity 
rule out the possibility of charge origin. 
Since the non-resonant interaction of x- 
rays with spins at low diffraction angles 
are predominantly sensitive to the spin 
component out of the diffraction plane, 
the researchers concluded that ob- 
served peaks most likely originated 
from a helical magnetic order. 


Fig. 1. In spiral magnets (with local spins pictured as golden arrows), a pair of itinerant electrons (red 


and blue clouds) can be bound together through their individual interaction with the spiral spin wave. 


The itinerant electron pair forms a superconducting state with unusual symmetry that is different from 


phonon-mediated superconductivity. X-ray diffraction at the APS revealed the spiral pitch distance a 


key factor in controlling the nature of magnetically mediated superconductivity. 


A helical arrangement of spins has 
both ferromagnetic and antiferromag- 
netic characteristics, with their relative 
influence depending on the pitch angle. 
At ambient pressure, the helical order in 
MnP possesses a fairly large pitch, 
meaning that spins of nearest neighbor 
electrons are not too far apart in orien- 
tation, giving them a ferromagnetic 
character. At higher pressure, though, 
the newly discovered helical ordering 
has a much smaller pitch. Nearest- 
neighbor spins in this arrangement 
have a substantial angle between them, 
producing an overall character that is 
closer to antiferromagnetic, even 
though the ferromagnetic nature is pre- 
served locally. As the MnP lattice 
shrank under pressure, the helical pitch 
decreased proportionately, implying that 
superconductivity of different types can 
be facilitated by spin fluctuations of vari- 
ous pitch angles after the static mag- 
netic order has been suppressed. 

In comparison to ordinary period- 
doubling antiferromagnetism, the pres- 
ence of a ferromagnetic component in 
helimagnetic materials will suppress the 
formation of conventional phonon- 
based superconductivity. Thus, the su- 
perconductivity in MnP is more likely to 
be unconventional. This finding opens 
the door to experiments on materials re- 
lated to MnP. For example, chromium 
arsenide (CrAs) also has helical order 
with a relatively short pitch, and transi- 
tions to a superconducting state under 
high pressure, whereas manganese sili- 
cide (MnSi) exhibits a larger pitch helix 
and does not show high-pressure su- 
perconductivity even down to tempera- 


tures of 10 mK above absolute zero. 
Many other compounds with the same 
form as MnP exist, where the first ele- 
ment is V/Cr/Mn/Fe/Co/Ni and the sec- 
ond P/As/Sb, all of which show helical 
magnetic ordering. Careful examination 
of this family of materials would illumi- 
nate the connection between supercon- 
ducting states and the magnetic state 
from which they arise. 

— David Lindley 
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CAN WE FLIP OUR UNDERSTANDING OF 
HIGH-I- SUPERCONDUCTORS? 


uperconductors have applications as diverse as medical devices and 
high-speed trains, with the potential to impact electricity transmission 
and power grids in the future. So the magnetic ground state of one 
class of superconducting materials—those which superconduct at high tem- 
peratures and are iron-based—is an area of active scientific research. A fuller 
understanding of these materials would allow intentional application of their 
superconducting abilities. Recent results from studies by an international team 
working at the APS reveal a new magnetic state for these materials, a state 
with non-uniform magnetization, which manifests at a temperature very close 
to the one at which superconductivity occurs, thus pointing toward possibilities 


for new superconducting materials. 
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Superconductors are materials, 
usually non-magnetic, which produce 
zero electrical resistance when cooled 
below a critical temperature. Individual 
electrons within the superconducting 
material form bound pairs rather than 
moving like a free-flowing stream, as in 
the plumbing analogy commonly used 
to visualize electricity. Iron-based su- 
perconductors, which also exhibit mag- 
netism, are rare so characterizing the 
magnetic ground state of these materi- 
als would give scientists important 
clues to the quantum underpinnings 
that produce their superconductive be- 
havior. To gain that insight, a team of 
scientists investigated the families of 
iron spin ordering found within these 
materials. 

The team of researchers from Ar- 
gonne, Northern Illinois University, 
Northwestern University, the University 
of Minnesota, Ruhr-Universitat 
Bochum (Germany), and the National 
University of Science and Technology 
MISiS (Russia) used a variety of 
processes to analyze high-temperature 
iron-based superconductive materials 
in order to learn more about their mag- 
netic ground state. They synthesized a 
compound for testing, Stig ¢3)Na(q 37) 
Fe5As», and characterized its magnetic 
properties using x-ray diffraction, neu- 
tron diffraction, and Móssbauer spec- 
troscopy. They took powder x-ray dif- 
fraction data at the XSD 11-BM-B 
beamline at the APS, which showed 
that the material behaves as other 
iron-based superconductors do, 
changing from tetragonal to orthorhom- 
bic symmetry at approximately 105 K. 
However, the sample material also 
transitions back to tetragonal symme- 
try at approximately 73 K. The team 
also gathered powder neutron diffrac- 
tion data at Oak Ridge National Labo- 
ratory using beamline HB-1A at the 
High Flux Isotope Reactor and the 


< Fig. 1. How the component spin-waves add 
together to produce spin-waves whose ampli- 
tude alternates between double the initial am- 
plitude and zero, and how those zero 
amplitude points correspond to zero-moment 
sites within the lattice of the superconducting 


material. 


POWGEN diffractometer at the Spalla- 
tion Neutron Source.to confirm that the 
tetragonal and orthorhombic phases 
were magnetically ordered. 

However, there are two ways to 
model the spins based on the diffrac- 
tion data. The two models differ by the 
number of domains in a phase and 
whether the spins in each domain are 
superposed coherently or incoherently. 
To distinguish between these two op- 
tions, the team used Móssbauer spec- 
troscopy to probe the local magnetic 
structures of the material. 

The team took Móssbauer spectra 
over a range of temperatures, from 5 K 
to 125 K. The spectra at high tempera- 
ture show evidence for the paramag- 
netic phase of the material. At lower 
temperatures, such as 30 K, the spec- 
trum consists of more than a single 
peak; it shows the presence of non- 
magnetic sites as well as magnetic 
sites whose effective field is larger 
than expected. Further statistical 
analysis by the team shows this spec- 
trum implies that half of the sites are 
magnetic while the remaining half are 
not, supporting the single-domain, co- 
herent-superposition model as the one 
which represents the physics of the 
sample. Figure 1 shows a cartoon rep- 
resentation of how the component 
spin-waves from the single-domain 
model add together to produce spin- 
waves whose amplitudes alternate be- 
tween twice as high (as the initial spin- 
wave) over certain sites and zero. The 
figure also shows how the zero ampli- 
tude spin-waves correlate to the sites 
in the sample lattice with zero mag- 
netic moments. 

The team concluded that this 
tetragonal phase—the phase with both 
magnetic and non-magnetic sites—is 
best understood in terms of itinerant 
spin-density waves rather than local- 
ized spins. Itinerant spins are ones 
that have fluctuating amplitudes and 
cannot be localized to a single lattice 
site. Additionally, they concluded that 
the magnetism for this material is con- 
sistent with modulation of the polariza- 
tion of spins grouped into correlated 
bands, rather than magnetism due to 
localized spin interactions. 


By showing data which supports a 
non-uniform magnetic state and itiner- 
ant spins rather than localized spins, 
these new results emphasize that 
these materials hold a lot of promise 
for expanding our understanding of 
magnetism as well as new avenues for 
superconductive materials. 

— Mary Alexandra Agner 
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SEEING STRIPES IN NICKELATES 


ne way researchers are trying to untangle the still mysterious workings of the high-tempera- 

ture cuprate superconductors is by studying the behavior of electrons in materials with related 

crystal and electronic structures. An Argonne, University of Chicago team used x-ray diffrac- 
tion measurements at the APS, to probe a phase transition in one such material, a lanthanum nickelate 
La,Ni,O, (La-438), whose electronic properties change markedly on cooling below 105 K. They found that 
in the low temperature state, the charge distribution developed a stripe ordering, but with an unexpected 
pattern, hinting at novel lattice-electron interactions that may have counterparts in the cuprates. The for- 
mation of in-phase charge stripes points to the existence of novel phenomena in this complex lattice and 
suggests strategies for creating new materials that may have implications for the mechanism of super- 
conductivity in cuprates or that may lead to entirely new superconductors themselves. 
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The compound La-438 has a unit 
cell containing trilayer structures in 
which nickel ions are arranged in 
squares, stacked in sets of three, per- 
pendicular to the long axis (Fig. 1a). La- 
438, a semiconductor at room tempera- 
ture, undergoes a phase transition on 
cooling below 105 K, when its resistivity 
abruptly increases. It has been sug- 
gested that suitable doping might cause 
nickelates with this general structure to 
become superconductors at low tem- 
peratures [1], like their cuprate cousins, 
although no examples have been found 
so far. 

Investigating the phase transition in 
La-438 has been difficult because re- 
searchers had not been able to obtain 
single crystals of the material, so struc- 
tural studies could be performed only 
on powder samples. The team of re- 
searchers in this study, from Argonne 
and The University of Chicago, devel- 
oped a method to create crystals of La- 
438 by first growing a boule of a parent 
phase, La,Ni,0,,, in a high-pressure 
oxygen environment within a furnace. 
They then cleaved pieces from the par- 
ent material and heated them in a re- 
ducing hydrogen-argon mix. Although 
the transformation into La-438 was ac- 
companied by a significant lattice distor- 
tion, the team succeeding in obtaining 
large (about 1 cubic millimeter) al- 
though fragile single crystals of La-438. 
Observation of the phase change in 
these crystals closely tracked previous 
measurements, including a pronounced 
heat capacity peak at the transition tem- 
perature. 

Using the ChemMatCARS 15-ID- 
ID-B,C,D beamline at the APS, the 
team carried out x-ray diffraction meas- 
urement of La-438 single crystals; their 
result showed evidence of only small 
changes to the lattice dimensions 
through the phase transition. Below the 
transition temperature, however, a num- 
ber of weak diffraction spots appeared, 
indicating the formation of a superlattice 
with three times the normal lattice pa- 
rameter in the plane of the nickel layers 


< Fig. 1. (a) Crystal structure of La,Ni,O, at 
300 K. (b) Charge superlattice peaks of 
La,Ni,O, below phase transition. Yellow circles 
and arrows indicate superlattice peaks and 
leakage intensity from neighboring layer 


Bragg peaks, respectively. 


(Fig.1b). No such signals had 
been seen in earlier powder dif- 
fraction studies. 

To interpret their measure- 
ments, the researchers were 
guided by similar changes seen in 
the better-understood material 
LSNO-1/3 (Las ,SrNiO,, with x = 
1/3). This compound also devel- 
ops a threefold superlattice at low 
temperature, accompanied by the 
formation of charge stripe ordering 
in which the valence of metal ions 
in two-dimensional layers within 
the lattice departs from uniformity 
in a "corrugated" manner. Accord- 
ingly, the team sought to repro- 
duce the superlattice diffraction 
pattern from La-438 by calculating 
the behavior of model structures in 
which the charge attributed to 
nickel ions in each trilayer struc- 
tures was allowed to vary slightly 
from the notional average. 

The team found strong evi- 
dence for the formation of charge 
stripes (Fig.2), but that finding 
came with a surprise. In LSNO- 
1/3, the stripes adopt a staggered pat- 
tern, so that a charge excess in one 
layer is above and below a charge 
deficit in adjacent layers. This pattern 
reduces Coulombic repulsion between 
the layers and thus contributes to the 
stability of the superlattice. In La-438, a 
similar staggered arrangement was 
found between adjacent trilayers of 
nickel ions, but within each trilayer, the 
charge stripes stack up in phase 
(Fig.2). That arrangement undoubtedly 
increases Coulombic repulsion forces 
within the trilayers, the researchers say, 
implying that some other force or forces 
are stabilizing the in-phase stacking. 
Recent theoretical studies by Argonne 
staff implicate a charge-lattice coupling 
as this stabilizing force [2]. 

— David Lindley 
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A NOVEL ROUTE TO QUANTUM 


SPIN LIQUIDS 


bserved only in the past decade, quantum spin liquids (QSLs) are 

currently the focus of intense research. Potential applications range 

from quantum computing and electronic data storage, to high-tem- 
perature superconductivity. A multi-national research team working at the APS 
and the European Synchrotron Radiation Facility (ESRF) has demonstrated that 
an unusual form of quantum spin dynamics suggestive of a QSL is present at low 
temperatures in the iridium-based compound Na,lrO,. In a first for the field of 
QSL research, the team unequivocally showed that the iridium compound 
achieves its quantum state through "bond-directional interactions," wherein the 
electronic spin interactions of the compound are intertwined with its crystallo- 
graphic directions. By establishing that these bond-directional interactions can 
suppress the iridium compound's magnetic ordering, the scientists have provided 
a new path for realizing the QSL state in a variety of materials. 





Fig. 1. Zigzag spin patterns propagating along three equivalent directions in the honeycomb lat- 


tice, each pattern rotated 120° from the other two. 


In the 1970s, the American physi- 
cist Phil Anderson proposed the con- 
cept of a quantum spin liquid as a 
distinct electronic state of matter in 
which the usual long-range order of 
magnetic moments is avoided and 
magnons — a quantum of magnetic ex- 
citation — break up into fractional exci- 
tations. The most rudimentary 
geometrical arrangement producing a 
QSL is a triangular lattice, with a single 
interacting electron appearing at each 
vertex. Due to the triangular geometry, 
there is not a unique arrangement of 
electron spins producing a lowest en- 
ergy: an arrangement of two electrons 
with up spin and one with down spin is 
energetically equivalent to one electron 
with up spin and two with down. Such a 
quantum system is frustrated, meaning 
there is no single quantum state 
uniquely possessing the lowest energy. 

Because of the frustration, the spin 
arrangements in quantum spin liquids 
continuously shift, unlike the more-or- 
less fixed spin ordering in conventional 
magnetic materials. One such example 
of quantum spin liquids occurs in the 
Kitaev model, named after the theoreti- 
cian who first described it. Highly un- 
usual magnetic orderings, such as 
Zigzag and spiral patterns, can appear 
around a Kitaev QSL state (Fig. 1). 

In the Kitaev model, the bond-di- 
rectional nature of the spin interactions 
in a honeycomb-like geometry pro- 
duces a QSL. The Na,lrO4 compound 


features an (approximately) two-dimen- 
sional honeycomb lattice of iridium ions 
(Ir^*) sandwiched between layers of 
oxygen atoms. Theoretical considera- 
tions point toward a quantum spin liquid 
state arising in the Na;IrO4 compound 
at low temperatures. Unfortunately, it is 
notoriously difficult to experimentally 
demonstrate the presence of a QSL. 
The first experiment demonstrating the 
existence of a quantum spin liquid uti- 
lized inelastic neutron scattering (INS). 
However, considerable time and effort 
was required to produce a crystalline 
sample large enough and pure enough 
to allow the use of INS. 

The two iridium-based samples 
were too small for single-crystal INS, so 
diffuse magnetic x-ray scattering (a new 
technique for this type of study) was 
performed at the XSD 9-ID-B,C, 27-ID- 
B, and 30-ID-B,C beamlines of the 
APS. In the diffuse magnetic scattering 
measurements, the electromagnetic 
fields of the x-rays interacted with the 
spins of the electrons in the samples 
providing a Fourier transform of the 
spin arrangement (Fig. 2). Earlier stud- 
ies indicated that at low temperatures, 
the honeycomb structure of Na,lrO, 
should support conventional magnetic 
interactions (Heisenberg interactions) 
as well as exotic (Kitaev) interactions. 
The Heisenberg interactions are 
isotropic in nature (i.e., the same in all 
directions), whereas the Kitaev interac- 
tions are highly direction-dependent 
(anisotropic). To reveal the anisotropy 
of the spin interactions at temperatures 
from near-absolute 0 to around 70 K, 
the diffuse magnetic x-ray scattering 
experiments at the APS were comple- 
mented with resonant magnetic x-ray 
diffraction measurements performed at 
XSD beamline 6-ID-B. Additionally, res- 
onant inelastic x-ray scattering meas- 
urements were gathered at beamline 
ID20 at the ESRF. 

Collectively, the measurements 
showed that bond-directional magnetic 
interactions dominated over much of 
the low-temperature range. Because 
each pair of spins on a bond tend to 
point along the bond, the presence of 
three types of bonds in the honeycomb 
lattice leads to frustration in much the 
same way as the three electron spins 
on a triangle are frustrated. This real- 


space and spin-space en- 
tanglement indicated the 
presence of the rare Kitaev 
phase in Na,lrO}. 

These findings highlight 
the benefits of using diffuse 
magnetic x-ray scattering to 
uncover bond-directional in- 
teractions that give rise to 
the QSL state. 

— Philip Koth 
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Fig. 2. Three pairs of diffuse magnetic x-ray scattering intensi- 


ties associated with three short-range zigzag states fluctuating 
into one another in Na,lrO,. The distinct magnetic anisotropy of 
each state manifests bond-directional interactions that lead to 


strong magnetic frustration. 
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Fig. 1. Schematic of interfacial em nsfer (yellow ws) at the atomic scale in a heterostruc 
between doped Mott insulator LaTiO,, We p) and n ve ch er al LaNiO, e E 


long with the critically important goal of making the next genera- 
tions of electronics devices ever smaller, designers and develop- 
ers also strive for multi-functionality. Traditional semiconductor- 
based microelectronic devices exploit interfacial charge transfer between dif- 
ferent materials to create and manipulate electronic and magnetic states. The 
spintronic approach to electronics, based not just on electric charge but on 
spin as well, requires further rethinking materials and structures. Designing 
technologically relevant materials and understanding how charge transfer oc- 
curs at their interfaces is a continuing challenge for heterojunctions based on 
strongly correlated electronic materials. A team of researchers carried out stud- 
ies at the APS that demonstrate how massive charge transfer occurs in a syn- 
thesized heterostructure of transition metal oxides to create an unusual Mott 
insulating ground state at the atomic scale. The work shows a path toward 
the development of electronics devices that are substantially more versatile 
and multifunctional than traditional semiconductors using various materials that 
could easily transition between a variety of electronic, magnetic, and spin 





states to achieve a wide range of functionalities in a single device. 


Complex oxide interfaces have 
been found to offer tremendous possi- 
bilities for electronic and magnetic 
states that are unattainable with con- 
ventional semiconductors. Recent 
work has pointed toward a prominent 
role of partially filled d-shell transition 
metal ions in the phenomena con- 
nected to strongly correlated insulator 
behavior. The current work builds upon 
those ideas to examine an interface be- 
tween a charge-transfer metal, LaNiO, 
(LNO) and a doped Mott-Hubbard insu- 
lator, LaTiO3,5 (LTO). The team from 
the University of Arkansas, along with 
collaborators from the Indian Institute of 
Technology and Argonne, synthesized 
atomically thin Mott-Hubbard insula- 
tor/charge-transfer metal heterostru- 
tures and investigated them with 
resonant soft x-ray spectroscopy at 
XSD beamline 4-ID-C and diffraction at 
XSD beamline 6-ID-B, both of the APS. 

The structure referred to as an 
LTO/LNO superlattice, was studied by 
x-ray absorption spectroscopy (XAS) 
and in situ x-ray photoemission spec- 
troscopy (XPS) to determine how 
charge transfer operated in the novel 
interface. The experiment revealed an 
unexpected massive charge flow 
across the interface from titanium (Ti) to 
nickel (Ni) ions. Thus, the final state of 
Ni in the superlattice shows a state very 
close to Ni2* within the chemical matrix 
originally supporting Ni?*. 


The team next investigated how 
this modified interfacial band structure 
alters the physical properties. X-ray ab- 
sorption spectroscopy revealed an un- 
usual electronic configuration of Ni 3d?, 
d/, and d?L states at the interfacial NiO, 
layer. Areconstruction of the band 
structure near the interface was also 
confirmed, with the splitting of the Ni eg 
band gap of about 0.20 eV. Another 
bandgap of about 1.3 eV is seen be- 
tween the Ti 3d and Ni e, bands. Such 
a gap splitting has not been observed in 
other LNO-based heterojunctions. 

The unusual insulating Mott ground 
state of the LTO/LNO heterostructure is 
an example of how manipulation of 
charge transfer can create exotic states 
in the electronic domain and also with 
orbital and spin degrees of freedom. 

The researchers expect that further 
research involving other types of 
charge-transfer interfaces will open up 
even more intriguing possibilities for the 
eventual realization of electronics com- 
ponents with capabilities far beyond 
those in current semiconductors. 

— Mark Wolverton 
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IHE INNER RUMBLINGS OF 


NEW PHOTOVOLTAIC CHAMPION MATERIALS 


rganolead halide perovskites have gained significant attention 

within the photovoltaic community as a potential next-generation 

solar-energy-harvesting platform. These materials show promise 
in the production of inexpensive solar power while offering the positive attrib- 
utes of high efficiency, very light weight, and low cost. However, one limitation 
has been instability. A team of researchers working at the APS investigated 
the low-energy lattice dynamics of the organolead halide perovskites methy- 
lammonium lead iodide and methylammonium lead bromide. Their goal was to 
determine whether the atomic structure of the real material deviates from the 
ideal structure, which has so far been assumed in all theoretical models. Their 
findings reveal important discrepancies with the idealized structure of 
organolead halide perovskites in the temperature range relevant for the oper- 
ation of perovskite solar cells. With even higher efficiencies and further re- 
ductions in production costs foreseen in the future, this study provides key 
insights to guide the understanding, optimization, and ultimately the commer- 
cial implementation of perovskite solar cells. 
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Fig. 1(a). Momentum-energy dispersions of the lowest acoustic (red and green curves) and optical 
(transverse, blue curve) phonons in the cubic hybrid perovskite CH,NH,PbBr,. The branches below are 
acoustic; the ones above are optical. The colors label different crystallographic directions. (b). Elastic 
diffraction signal at the R-point (3/2,1/2,1/2), showing persistence of tetragonal domains even in the 


cubic phase above the structural transition point T, — 327.5 K. 





Organolead halide perovskites 
consist of a hybrid organic-inorganic 
lead halide material, which is the light- 
absorbing active layer. The heightened 
attention given to devices made out of 
these materials, commonly known as 
perovskite solar cells, is primarily due 
to their excellent and surging power- 
conversion efficiencies (well over 20%), 
along with the ability to use cheap, 
earth-abundant materials and low-cost 
fabrication methods in their production. 

This special class of materials be- 
longs to the category of hybrid (indicat- 
ing their mixed organic-inorganic 
nature) lead (Pb) halides, with the 
chemical formula MAPbX3, where MA 
stands for methylammonium (CH4NH.) 
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and X represents either iodine (l), 
bromine (Br), or chlorine (CI). 

The team of researchers from the 
University of Toronto (Canada), DuPont 
Central Research and Development, 
DuPont Electronics and Communica- 
tion Technologies, the University of 
Delaware, Argonne, Oak Ridge Na- 
tional Laboratory, and Carnegie Mellon 
University sought to answer the ques- 
tion: Are the structural deviations within 
organolead halide perovskites merely 


dynamic or can they become static in 
the neighborhood of symmetry-break- 
ing defect, forming "nano-puddles" with 
a different structure? They focused their 
attention on MAPbI, and MAPbBr;. 
MAPbI, and MAPbBr, crystallize at am- 
bient temperatures in a tetragonal and 
cubic phase, respectively. Both com- 
pounds undergo a tetragonal-to-cubic 
structural transition upon warming 
above 327.5 K (MAPbI.,) and 236.9 K 
(MAPbBr;). 

The researchers’ mission was to 
detail the nanoscale mechanics in- 
volved with the tetragonal-to-cubic 
phase transition. Inelastic x-ray scatter- 
ing (IXS) measurements were per- 
formed at the HERIX spectrometer at 
XSD beamline 30-ID-B,C of the APS. 

The team synthesized MAPbI, and 
MAPbBr;, crystals using room-tempera- 
ture solution processing routes. Inelastic 
x-ray scattering scans were measured 
in the cubic phase at temperatures of 
350 K (MAPbI,) and 300 K (MAPbBr;). 
The scans allowed the team to resolve 
the phonon dispersions (Fig. 1a) within 
both compounds for their longitudinal 
and transverse modes, along the three 
high-symmetry directions connecting 
the zone center to specific zone-edge 
points (X, M, R). From the experimental 
data, the team derived phonon frequen- 
cies and lifetimes. 

Next, an investigation concerning 
the nature of the phase transition was 
conducted using neutron diffraction for 
a deuterated MAPblI, crystal (de- 
MAPbI3) and x-ray powder diffraction 
for a hydrogenated MAPbI, polycrystal 
(hg-MAPbl^). Superlattice Bragg peak 
intensity and tetragonal distortion were 
measured to determine the phase-tran- 
sition behavior. The neutron diffraction 
investigation was performed at the 
Spallation Neutron Source TOPAZ in- 
strument at the U.S. DOE’s Oak Ridge 
National Laboratory, while x-ray powder 
diffraction was conducted at the DND- 
CAT 5-BM-C beamline at the APS. 

The researchers detected Bragg 
reflections from a different structural 
phase even in the (nominally) cubic 
regime (Fig. 1b). This finding demon- 
strates that nano-puddles with lower- 
than-cubic symmetry persist up to 
temperatures well above the structural 
phase transition (Fig. 2) and suggests 
that symmetry-breaking islands likely 


nucleate around 
defects, and pro- 
gressively grow 
larger over time. 
Eventually, they 
coalesce into 
nanoscopic-or- 
dered structures 
that become 
macroscopically 
large below the 
phase transition. 
The re- 
searchers estab- 
lished that lattice 
instability exists 
along the R-direc- 
tion, triggered by 





Fig. 2. Schematic of the structure of MAPbX, perovskites above the tetrago- 


a particular lattice — nal-to-cubic transition temperature, showing the presence of tetragonal nano- 


mode that be- 
comes progres- 
sively softer until 
the associated 
atomic displacements freeze out into a 
new structural configuration. They also 
explained that the cubic-to-tetragonal 
phase transition is positioned close to 
the tricritical point; while discovering the 
existence of pseudo-static, symmetry- 
breaking nano-regions above the cubic 
phase. Especially important is the fact 
that they determined MAPbI, and 
MAPbBr, perform well at a temperature 
range suitable for efficient photovoltaic 
operations. 

Their work sheds new light on the 
inner workings of solar-energy-harvest- 
ing organolead halide perovskites. Ex- 
citing new possibilities in solar cell 
research exist due to the unusual, but 
attractive, photophysical properties of 
perovskite solar cells. 

— William Arthur Atkins 
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puddles inside the cubic phase. The insets show the cubic and tetragonal 


structural motifs with rotated octahedral in the tetragonal phase. 
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ASYMMETRIC CLOSE ENCOUNTERS OF THE 
MAGNETIC KIND 


raditional electronics is all about the movement of electric charge, but be- 

cause spintronics adds the crucial element of electron spin, a whole new 

range of new phenomena must be considered. One of these is the mag- 
netic moment in spintronic devices that use ferromagnetic/nonmagnetic (FN/NM) 
systems, which can greatly affect spin transport properties and thus the functional- 
ity of the device. This arises from a magnetic proximity effect at the FN/NM interface, 
in which the ferromagnetic material induces a magnetic moment in the adjoining 
nonmagnetic layer. Yet this magnetic proximity effect can vary in a tri-layer system 
consisting of both FM and NM layers. A group of researchers using the APS inves- 
tigated this asymmetric effect to better understand how it affects spin transport prop- 
erties. Achieving a better understanding of the precise origins of the effect through 
further studies will not only allow better and more efficient design of future spintron- 
ics-based devices, but may even lead to ways to exploit it to enhance and improve 
the promise of spintronics. 
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The team studied palladium 
(Pd)/cobalt(Co)/Pd thin-film structures, 
examining their microstructure and ele- 
mental distribution with high resolution 
transmission electron microscopy 
(HRTEM) and scanning transmission 
electron microscopy (STEM) and inves- 
tigating magnetic effects with x-ray 
magnetic circular dichroism (XMCD) 
and x-ray resonant magnetic reflectivity 
(XRMR) at the XSD 4-ID-D x-ray beam- 
line. Although the differences in mi- 
crostructure between layer interfaces in 
such FM/NM systems have been stud- 
ied previously, properly measuring 
magnetic asymmetries at the FM/NM 
interfaces has proven challenging, 
since it requires the ability to distin- 
guish magnetic characteristics with 
both element- and depth-based resolu- 
tion. Such measurements have been 
beyond the capabilities of most avail- 
able scattering beamlines. 

The HRTEM and STEM studies re- 
vealed a multigrained, mostly (111) tex- 
ture in the Pd/Co/Pd films. Although a 
great deal of interfacial roughness was 
seen between the various film layers, 
the Co and Pd layers were clearly dis- 
tinguishable. 

Resonant x-ray reflectivity (RXR) 
measurements conducted at the APS 
provided a highly detailed depth profile 
with clearly contrasted, elementally 
specific resolution. The RXR studies 
also provided more information on the 
interfacial roughness of the film struc- 
tures, showing it to be nearly identical 
between the top Co/Pd and the bottom 
Pd/Co interfaces. These measure- 
ments fit quite well with models that 
demonstrate very little difference in 
roughness at the top and bottom inter- 
faces. 


< Fig 1. (a) XAS and XMCD measured from 
the samples Pd/Co/Pd. The energy of circu- 
larly polarized x-rays were tuned to the Pd L3 
edge to extract element specific information of 
the induced magnetic moment of Pd atoms. (b) 
Magnetic density profile of the Pd magnetic 
moment from the best fit model of the XRMR 
data measured at the Pd L3 edge. (c) 
Schematic diagram of induced magnetic re- 
gion of the Pd. The spatial extent of the mag- 
netic region and the total magnetic moment 


[gray area in (b)] is greater for the top Pd. 


The x-ray magnetic circular dichro- 
ism (XMCD) observations tuned to Pd L 
edges showed direct evidence of a 
magnetic proximity effect with induced 
magnetic moments of nonmagnetic Pd 
in contact with ferromagnetic Co. 
Moreover, the quantitative magnetic 
moments of the top and bottom Pd lay- 
ers could be distinguished by analyzing 
the XRMR data. Surprisingly, the in- 
duced Pd magnetic moments at the top 
Co/Pd interfaces were much larger than 
those at the bottom Pd/Co interfaces. 
The difference in magnetic proximity ef- 
fect was present despite the nearly 
identical structural properties at the top 
and bottom interfaces. 

The team proposes two possible 
origins for this observed asymmetric 
magnetic effect in Pd. Differences in 
thickness between the top (1.5 nm) and 
bottom (2.5 nm) Pd film layers could 
create different magnetic moments, a 
possibility that might be resolved with a 
more detailed thickness-dependent 
study of the Pd/Co/Pd system. Alterna- 
tively, the asymmetric magnetic effect 
might be due to structural differences 
between the top and bottom Pd layers. 
Because the bottom Pd layer is de- 
posited on a metallic tantalum buffer 
while the top Pd layer rests upon the 
Co layer, differences in the lattice con- 
stant properties could result with a con- 
comitant effect on the overall magnetic 
moment. 

It is known that the magnetic prox- 
imity effect modifies spin transport in 
FM/NM systems with possible in- 
creased resistivity, spin Hall effect, and 
increased domain wall velocity. There- 
fore, whatever its origins, the observed 
asymmetric magnetic proximity effect 
could potentially greatly affect the spin 
transport properties in the NM/FM/NM 
systems. — Mark Wolverton 
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The Discovery of Spintronics 





An I.B.M. research fellow largely unknown out- 
side a small fraternity of physicists, [Stuart] 
Parkin puttered for two years in a lab in the 
early 1990s, trying to find a way to commer- 
cialize an odd magnetic effect of quantum me- 
chanics he had observed at supercold 
temperatures. With the help of a research as- 
sistant, he was able to manipulate the alignment 
of electronics to alter the magnetic state of tiny 
areas of a magnetic data storage disc, making 
it possible to store and retrieve information in a 
smaller amount of space. The huge increases in 
digital storage made possible by giant magne- 
toresistance, or GMR, made consumer audio and 
video iPods, as well as Google-style data cen- 
ters, a reality. 

“Redefining the Architecture of Memory,” 
The New York Times 
September 11, 2007 
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SQUEEZING OUT A NOVEL CONFINED METAL 


IN AN INSULATOR 


ondensed-matter physicists find 5d perovskite iridates fascinating because of 

exotic states that arise during interplay among electron interaction, spin-orbit 

coupling, and crystal-field effect. These compounds can transform from an in- 
sulator to a confined metal during an applied stimulus. Past experiments have shown sig- 
nificant promise in the ability of 5d perovskite iridates to form functional materials that 
possess unique chemical and physical properties (including energy storage, ferroelectric- 
ity, and magnetism) that can respond to changes in their surroundings, owing to its tiny 
band gaps (as small as 0.1 eV) that can easily close by varying the doping, magnetic field, 
or temperature. Experiments show this material transforms consistently to a metal from 
doping and magnetic fields, while transition inconsistencies have arisen due to pressure. 
For that reason, a multi-institutional team of researchers successfully squeezed, for the first 
time, the insulating strontium iridium oxide (Sr,lr,O;) using a diamond anvil cell (DAC) at the 
APS to produce a confined metal at around 60 GPa. Because a distinct pressure effect ap- 
pears when compared to doping or magnetic field, their study indicates a new alternative 
approach is possible for synthesizing novel functional materials. 





Fig. 1. Schematic of the RIXS experiment. The colored map shows the excitation events within the va- 
lence band of material Sr,lr,O,, which is obtained from RIXS measurements. The cartoon shows the 


energy levels in the materials that are related to these excitation events. 


Such unique behaviors 
are of interest to the develop- 
ment of technically advanced 
systems for such actions as 
actuating, feedback, self-diag- 
nosis, self-recovery, and sens- 
ing because the manipulation 
of such “smart” systems can 
mimic biochemical processes. 

The team aspired to deter- 
mine the actual transition pres- 
sure for Sr4lr;O-, as well as 
the underlying mechanisms. 
Using XSD beamlines 27-ID-B 
and 30-ID-B,C at APS, the 
team used measurements from 
electric resistance and reso- 
nant inelastic x-ray scattering 
(RIXS; Fig. 1) on single-crystal 
Sr4lr;O; under high pressure 
with the use of DAC experi- 
mental techniques. (Single 
crystals, which had never been 
used in previous high-pressure 
experiments, were used in- 
stead of powder.) 

At pressures reaching up- 
wards from about 63 GPa to 
65 GPa and at a temperature 
of 300 K, the team used a four- 
probe sensing method (Fig. 2) 
to measure electric resistances 
within the ab-plane and along 


the c-axis. Their results showed that 
Sr4lr;O; has insulating features at 
lower pressures (18.4 GPa and 43.15 
GPa); however, at higher pressures 
(59.5 GPa and 63.0 GPa) it has metal- 
lic characteristics. 

Considering its small charge gap, 
the team initially expected an insula- 
tor-metal transition should occur within 
Sra4lr,O; at relatively low pressure (30- 
40 GPa). However, the resulting insu- 
lator-metal transition occurs at a nearly 
doubled pressure value. The team 
concluded that it is the tilting and rotat- 
ing of IrOs octahedral sites within the 
compound that suppresses the elec- 
tron mobility while trying to maintain an 
insulating state until tilting and rotating 
motions reach their limits. 

Intriguingly, the high-pressure 
phase indicates a unique confinement 
phenomenon; that is, Sr4lr;O; became 
a confined metal with metallic behavior 
in the crystal's ab-plane, but with insu- 
lating behavior along its c-axis. 

The team concluded that the novel 
behavior observed within this confined 
metal, Sr4lr,O; under high pressure is 
similar to the "strange metal" phase in 
a cuprate before the superconductivity 
appears. This makes it promising that 
superconductivity can be found in 
doped iridates. 

Further, the team states that an 
important interplay exists between the 
electronic and structural properties of 
Sr4lr;O;. That same interplay exists 
generally within the Ruddlesden-Pop- 
per series of iridates, inferring the 
emergence of analogous novel behav- 
iors that can reasonably be expected 
in these materials. 

(Sr4lr;O; is a type of Ruddlesen- 
Popper series of perovskite iridates 
whose chemical formula is 
Sr, 4lr,Os4,,4, where n represents the 
number of SrlrO, perovskite layers 
linking additional SrO layers; with Sr 
the chemical symbol for strontium and 
O for oxygen.) 

Research in insulator-metal transi- 
tions represents an important chal- 
lenge in modern condensed-matter 
physics. This important study adds 
credence to the fact that 5d perovskite 
iridates are at the threshold of a scien- 
tific frontier for studying exotic states 
of matter emerging from the interplay 
of electron interaction, spin-orbit cou- 
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Fig. 2. Schematic of the A-probe electric resistance experiment. (a) The diamond anvil cell that is used 


to generate the pressure; (b) The sample is confined in a chamber of diamond anvil cell with four 


electric probes attached; (c) The enlarged sample, a single-crystal of Sr,lr,O, with four electric 


probes, before it is put into diamond anvil cell; (d) The electric resistance of Sr,lr,O, above 59.5 


GPa, which shows a metallic feature within the a-b plane but an insulating feature along the c-axis. 


pling, and crystal-field effect. Such a 
discovery within these compounds 
could lead to new methods of synthe- 
sizing novel states of matter, those 
that are currently impossible with other 
methods. — William Arthur Atkins 
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INDUCING POLARIZATION IN SUPERLATTICES BY 
ALTERNATING NON-FERROELECTRIC OXIDE LAYERS 


he novel properties of superlattices make them ideal candidates for electronic applica- 

tions that benefit from a separation of electrons and holes, such as generating electric- 

ity or photoelectrochemical hydrogen for fuel cells. While the abilities of superlattices 
composed of ferroelectric oxides have been previously examined, there has been little work done 
looking at non-ferroelectric oxides. A new study at the APS investigated a non-ferroelectric super- 
lattice composed of two perovskite oxides—SrTiO, and LaCrO,—to characterize its properties. The 
results include strong polarization, comparable to that of ferroelectric systems, which opens up new 
material options for photochemical and photovoltaic applications. 
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Superlattices are composed of al- 
ternating layers of two or more materi- 
als, each layer usually about one 
nanometer thick, built on top of a crys- 
talline substrate. The large number of 
interfaces within a superlattice creates 
intriguing electronic properties. Recent 
work by a team with members from the 
Pacific Northwest National Laboratory, 
Argonne National Laboratory, and the 
SciTech Daresbury Campus (UK) as- 
sessed how the non-ferroelectric oxides 
SrTiO, and LaCrO, behave in a super- 
lattice and whether they induce polar- 
ization across the superlattice. The 
studies showed that the charged inter- 
faces between the superlattice layers 
produce built-in electric fields and po- 
tential gradients. 

The team began by modeling from 
first principles, using density functional 
theory to describe the electronic struc- 
ture of the superlattice. Their model 
predicted built-in electric fields across 
the two layers due to the differing distri- 
bution of charge at the interface on 
each side of a layer. The model pre- 
dicted the fields across the SrTiO, and 
LaCrO, layers were of opposite sign. 
Additionally, both of the layers in the 
model reacted to the repetition of alter- 
nately-charged interfaces by distorting 
the shape of their oxygen octahedra, 
thus changing the bond lengths for Ti-O 
and Cr-O. 

To create sample superlattices, the 
team laid down alternating layers of Sr- 
TiO, and LaCrO, on a crystalline sub- 
strate of (La,Sr)(Al, Ta)O,, beginning 
with SrTiO4. The samples varied the 
width of the SrTiO, and LaCrO, layers. 
The background of Fig. 1 shows a com- 
puter-generated depiction of a superlat- 
tice alternating an eight-atom-thick layer 


Fig. 1. Both XANES data and a computational 
depiction of the perovskite oxide superlattices 
investigated in this work are shown. The XANES 
data, especially the peaks in the 4000-eV 
range (see inset), show that the superlattices 
exhibit a polarization response similar to ferro- 
electric superlattices. The computational model 
of the superlattice shows the alternating layers 
of SrTiO, and LaCrO,; strontium atoms are 
purple, titanium green, lanthanum gold, and 
chromium red. The x-ray data was taken by 
Steve Heald at Sector 20-BM of the APS; the 
computational model depiction was created by 
Peter Sushko. 


of SrTiO, with a three-atom-thick layer 
of LaCrO,. The samples were grown 
with alternating, oppositely-charged in- 
terfaces between the SrTiO, and 
LaCrO,, e.g., when one interface had a 
termination of LaO-TiO, with a positive 
charge, the next one had a termination 
of SrO-CrO, with a negative charge. 

The team measured the core-level 
and valence band photoemission spec- 
tra of the samples; they detected evi- 
dence of built-in electric potentials using 
x-ray photoelectron spectroscopy. The 
core peak measurements and modeled 
peak-broadening (using flat-band refer- 
ence spectra for each layer) showed 
built-in potential gradients at SrTiO.- 
LaCrO, interfaces. The features meas- 
ured in the valence band spectrum im- 
ply no large-scale charge transfer, 
bolstering the conclusion of built-in 
electric fields within both layers of the 
superlattice. 

The team used XSD beamlines 20- 
BM-B and 20-ID=B,C at the APS to ex- 
amine the bonding environment with x- 
ray absorption near-edge spectroscopy 
(XANES). The data showed a higher- 
than expected pre-edge peak, which in- 
dicates cation displacement perpendi- 
cular to the interface; this data is shown 
as part of Fig. 1. The unexpected pre- 
edge peak implies a distortion of the ti- 
tanium octahedra that is in agreement 
with the team's models. Most exciting, 
though, is that this is a result previously 
only seen in ferroelectric superlattices. 

The team made scanning-transmis- 
sion electron microscope-high angle an- 
nular dark field measurements to create 
a visual representation of the displaced 
ions in the superlattice. From these 
measurements they could calculate the 
polarization across each unit cell in the 
superlattice, showing polarization is 
greatest near the interface between the 
SrTiO, layer and the crystalline base of 
the superlattice, decreases near the 
middle of the SrTiO, layer, and is the 
least strong at the SrTiO,-LaCrO, inter- 
face. These results again reinforce the 
idea that built-in potential differences 
between the superlattice layers create 
polarization through the SrTiO, layers. 

Taken together, these results show 
that the alternation of polar and non-po- 
lar layers in a perovskite oxide superlat- 
tice induce polarity as strong as that in- 
duced in ferroelectric materials, opening 


up a range of applications for these 
non-ferroelectric materials. 
— Mary Alexandra Agner 
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A LINK BETWEEN CUPRATE LATTICE VIBRATIONS AND 
HIGH-T EMPERATURE SUPERCONDUCTORS 


ne of the key phenomena that marks high-temperature supercon- 

ductors (HTSC) is the electron pairing mechanism displayed by 

such materials. In cuprates such as LCO (La,CuO,), this can in- 
volve electron-phonon interaction (EPI) and electron-electron interaction (EEI). 
Non-equilibrium quasiparticles (QP) can lead to a strong lattice response for 
probing EPI and EEI effects in unconventional HTSCs and similar effects in 
materials such as SIO (Sr,lrO,), which if confirmed, may help researchers to 
more fully understand EPI and EEI effects in HTSCs. Using photon-induced 
QPs and the high-brightness x-rays from the APS, a team of investigators ex- 
plored similarities between the cuprate HTSC material LCO and the Mott in- 
sulator SIO. The work shows that SIO demonstrates striking similarities with 
cuprates such as LCO with a strong EPI effect that persists even in non-equi- 
librium conditions. This electron-phonon coupling can provide a new window 
into the understanding of cuprate lattice vibrations that are closely involved in 
various phase states important in high-temperature superconductivity. Such in- 
sights will be crucial in the development of materials for HTSC devices. 
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Fig.1. Schematic setup of the laser pump-x-ray probe experiment at APS beamline 7-ID-B,C,D show- 
ing a typical x-ray diffraction pattern as a function of the delay between the pump laser and the 
probing x-ray. Insert: the space and QP diffusion dynamics in a 100-nm film reconstructed from the 


time-dependent x-ray diffraction data. 


Quasiparticles are a type of emer- 
gent phenomenon observed in solid 
matter that approximate the actions or 
movements of particles such as elec- 
trons, but are not actually fermions or 
bosons. Their behavior can reveal im- 
portant clues about fine structural, elec- 
tronic, and magnetic characteristics 
and the nature of the coupling between 
these degrees of freedom in a solid. 
Toward that end, the researchers in this 
study, from from Michigan State Univer- 
sity, Tulane University, and Argonne 
National Laboratory, subjected SIO thin 
films to optical-pump x-ray diffraction 
from 0.5 eV to 3.0 eV at the XSD 7-ID- 
B,C,D beamline of the APS. 

Although as a Mott insulator SIO 
features a quite different electronic 
structure than cuprates such as LCO, 
along with a different active orbital, the 
SIO thin films displayed a similar, unex- 
pectedly strong lattice correlation to the 
optical excitation, possibly due to the 
presence of quasiparticles consisting of 
an electron at the bottom of the upper 
Hubbard band and a hole at the top of 
the lower Hubbard band. The crystallo- 
graphic (0 O 12) diffraction peak 
showed the QP effect on lattice dynam- 
ics, with a structural recovery that was 
strongly dependent on film thickness, 
taking longer with thicker films. 

Such optically-induced lattice ex- 
pansion is known to sometimes result 
from photostriction in piezoelectric ma- 
terials, but the investigators exclude 
this because SIO is not piezoelectric. 
They also rule out thermal expansion 
because the SIO lattice parameter is in- 
sensitive to temperature and thermal 
diffusion in SIO quickly dissipates the 
laser heating effects. 

Transient absorption spectroscopy 
(TAS) measurements show a thick- 
ness-dependent photon-induced trans- 
parency immediately after excitation 
with both a fast and a slow component, 
with the slow component matching the 
lattice recovery dynamics. 

"Vibrations" cont'd. on page 32 


AN ATOMIC CONTRADICTION 


OW can a material conduct and impede the flow of electrons at the 
same time? Scientists created just such a material—a polar 
metal—by stabilizing a thin film on a slightly skewed supporting 
lattice, and then used the APS to study and refine this seemingly contradictory 
new substance. This research will make possible the development of new ma- 
terials with unusual coexisting properties, such as those with anisotropic ther- 
moelectric responses and magnetoelectric multiferroics, which could in turn 
stimulate the development of devices capable of performing electrical, mag- 


netic, and optical functions simultaneously. 
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Fig. 1. Non-centrosymmetric NdNiO, thin films on LaAIO, (111) substrates. (a) Schematic illustration of 


the atomicscale thinfilm heterostructure. (b) Twodimensional electron density maps sliced through the 


pseudocubic (110) plane reconstructed through synchrotron CTR measurements and subsequent 


COBRA analyses. (c) Magnified images of electron density maps for the regions indicated by open 


rectangles in (b). Red broken lines in (c) represent the positions of oxygen atoms, which are taken as 


references to measure relative offcentre displacements (6) of Nd atoms. (d) Layerdependent evolution 


of the Asite relative polar displacements across the interface in NdNiO,/LaAIO, (111) thin films. The 


Oth layer represents the NdNiO,/LaAIO, interface. In the twodimensional electron density map of (b), 


the Asite acentric displacements shown in (d) are measured with respect to oxygen atoms as dis- 


played in (c). Image: C. B. Eom 


A word can have two opposite 
meanings: One can bolt quickly away or 
bolt something down; dust the furniture 
by removing small particles or dust pes- 
ticides on a crop by adding them. A per- 
son, at least a fictional one, can have 
two conflicting personalities: Dr. Jekyll 
and Mr. Hyde. It turns out that a sub- 
stance can have two incompatible prop- 
erties: It can be at once a metal that 
conducts electricity and a polar material 
that insulates against electricity. These 


polar metals were first proposed by 
P.W. Anderson and E.I. Blount some 50 
years ago and they previously existed 
only serendipitously, but researchers 
from the University of Wisconsin-Madi- 
son, Northwestern University, Pennsyl- 
vania State University, the University of 
California, Irvine, Nanjing University, Ar- 
gonne National Laboratory, and Cornell 
University synthesized these materials 
at room temperature in a laboratory and 
carried out a variety of studies. 
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To create the Jekyll-Hyde polar 
metal (Fig. 1), the researchers devised 
a new approach to molecular synthesis. 
Using a quantum mechanical design, 
they painstakingly grew a thin film, atom 
by atom, onto a supporting lattice. To 
keep the equal and opposite charges of 
the electrons from cancelling each other 
out, the structure of the supporting lat- 
tice was slightly skewed. The lattice 
was made of ternary ABO, perovskite 

"Atomic" cont'd. on page 32 
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The researchers thus conclude 
that the lattice expansion is driven by 
long-lived electronic structure change 
associated with quasiparticles that dif- 
fuse and recombine at the surfaces and 
interfaces, with a continuous-time ran- 
dom walk diffusive dynamics. Differ- 
ences in the dynamics observed at 
different photon energies can be ex- 
plained by variations in initial QP distri- 
bution and thus confirm the QP 
diffusion picture, since the 1.5-eV pump 
has greater penetration depth than the 
3.0-eV pump. 

Considering the pump photon data 
and the band structure of SIO com- 
pared to the structure of LCO, the ex- 
perimenters attribute the QPs to the 
formation of doublons and holons with 
zero spin in a background of spin 1/2. 
Excitation in SIO occurs in CT p-d and 
d-d transitions, whereas in LCO it pri- 
marily involves p-d charge transfer, al- 
though a d-d CT instability has also 
been suggested as a cause for lattice 
expansion in LCO. — Mark Wolverton 
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oxides, which were chosen for their 
electronic characteristics. The B cations 
in the structure created a sublattice that 
contributed to conduction, while the A 
cations created another sublattice that 
could undergo polarization. 

To determine the best composition 
for the thin film, the team calculated that 
rare-earth (R) nickelates, RNiO3, specif- 
ically NdNiO3, with a non-equilibrium tilt 
pattern, would be best for generating 
polar displacements. Therefore, using 
pulsed laser deposition, the scientists 
deposited high-quality NdNiO, films on 
a LaAlO, substrate to provide increased 
bond connectivity. By clamping the film 
onto the rare-earth nickelate lattice, the 
internal structure of the molecules re- 
mained asymmetric, with the tilt angle 
varying between 4° and 8°, and kept 
the polarity of the material. 

When the experiment was com- 
plete, the researchers demonstrated 
that the material had both polar and 
metallic properties, at room tempera- 
ture, by using optical, electronic, and 
structural measurements. The coopera- 
tive polar neodymium and nickel dis- 
placements were verified using high- 
resolution synchrotron x-ray diffraction 
and near-edge x-ray absorption fine 
structure at XSD beamlines 4-ID-D, 6- 
ID-B,C and D, 12-ID-C,D and 33-ID-D,E 
at the APS. Hall measurements located 
mobile charge carriers in concentrations 
high enough to produce metallic con- 
ductivity. The researchers also experi- 
mented with a LaNiO, thin film, which is 
more conducting, and discovered that it 
too exhibited a polar metallic state. 
Since their initial models predicted that 
the material would not remain polar, the 
researchers needed to reevaluate and 
refine their models continually. 

Beyond the discovery of these po- 
tentially useful polar materials, the team 
developed the new technique of geo- 
metric stabilization as a way to acceler- 
ate the discovery of new multifunctional 
materials with unusual coexisting prop- 
erties. — Dana Desonie 
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SAMARIUM HEXABORIDE CONTINUES TO AMAZE 


amarium hexaboride (SmB,) is an intriguing intermediate-valence com- 

pound in which samarium lies in a murky middle ground between nonmag- 

netic Sm2* and magnetic Sm?* ions, due to different occupancy states of its 
f-electrons. At room temperature, it behaves as if it consisted of an array of inde- 
pendent localized magnetic moments interacting with itinerant conduction electrons, 
whereas at temperatures ranging between 70 and 5 K, bulk SmB, becomes electri- 
cally insulating while electrically conducting states form at the surface, creating the 
possibility that SmB, may be a technologically valuable typological insulator. Topo- 
logical insulators have become one of the hottest topics in condensed matter physics 
since their discovery in 2007 because of their potential use in quantum computers and 
other novel devices. Although it is generally thought that the low-temperature prop- 
erties of SmB6 arise from hybridization of f-band electrons with conduction electrons, 
experimental and theoretical efforts over the last 50 years have failed to yield a clear 
picture of what is going on. But researchers working at the APS reported findings that 
challenge conventional understanding of intermediate-valence insulators, in that they 
contradict the view that valence fluctuations destabilize spins on long time scales, 
thus demanding a new model of f-electron valence stability. This unprecedented dis- 
covery implies that neither the metallization nor the onset of magnetic order below 12 
K are associated with a simple integer valence, but are characteristics of a robust in- 
termediate-valence state. 
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Fig. 1. RXES resonant emitted x-ray intensity is observed at energies corresponding to both 2+ and 
3+ configurations, indicating that an intermediate-valence Sm state persists to high pressures in SmB,. 
This contradicts previous expectations that Sm has a largely 3+ character, with negligible 2+ contri- 


bution, once SmB, is metallic and magnetically ordered by a pressure of 10 GPa. 


Because the electronic states 
of intermediate-valence systems 
are sensitive to small changes in 
interatomic separation, the re- 
searchers from the University of 
Maryland, Columbia University, 
National Institute of Standards and 
Technology, and the Lawrence Liv- 
ermore and Lawrence Berkeley 
national laboratories used reso- 
nant x-ray emission spectroscopy 
(RXES) at the HP-CAT 16-ID-D x- 
ray beamline of the APS to deter- 
mine f-electron occupancy in SmBg 
under a range of pressures. It was 
expected that increased pressure 
would reduce f-electron occupancy 
at some point, causing a shift to an 
overall integer valence of +3. Ap- 
plied pressure stabilized metallic 
and magnetic ground states over 
the range 4-10 GPa and did re- 
duce the f-electron occupancy, but 
surprisingly, the material main- 
tained a significant divalent char- 
acter up to the highest applied 
pressure of about 35 GPa and 
showed no signs of tending toward 
a single valence state (Fig. 1). 

Next, the researchers sought 
one of the major causes of the per- 
sistent intermediate-valence state. 
It has long been known that the 
lattice constant of a compound 
may play a role in intermediate-va- 
lence phenomenology. This can be 
intuitively visualized as being due 
to ions contracting in radii upon in- 
creasing in valence. Therefore, a 
general shift toward a valence of 
+3 should be accompanied by a 
shrinking of the lattice constant, as 
occurs with samarium monosul- 
fide. 

Yet, amazingly, high-resolution 
x-ray diffraction experiments, again 
conducted at the HP-CAT beam- 
line, told a much different story. At 
10 GPa, the experimentally deter- 
mined lattice constant was found 
to be 4.05 A, which is far smaller 
than the hypothetical 4.115 A value 
for trivalent SmB6, if ion size alone 
determined valence. 

“Samarium” cont’d. on page 35 


PROBING THE EFFECTS OF REDUCED STRAIN 
ON PSMO FILMS 


ore efficient and higher-capacity memories for our various microelectronic devices require 
ever more sophisticated and precisely crafted materials for their components. Among the 
promising candidates for the next generation of non-volatile memory are perovskite man- 
ganites, which feature various useful properties including high spin polarization and colossal magnetore- 
sistance. But many questions about their fine electronic structural characteristics remain to be resolved 
before their utility can be determined. A team of researchers probed the electronic structure of the per- 
ovskite manganite Pr, «Sr, 3,MnO, (PSMO) films using the APS, concentrating specifically on the behav- 
ior of PSMO under strain relaxation. They found that strain relaxation occurred as film thickness increased, 
creating definite changes in PSMO charge transport and magnetic properties. The work demonstrates a 
strong correlation between the thickness of perovskite manganites and their electronic and magnetic prop- 
erties, probed by the polarization-dependent x-ray absorption near-edge structure (XANES) synchrotron 
x-ray technique, which has important implications in the design and use of resistance random access 
memory (RRAM) devices with these materials. Continued study along the lines suggested by the present 
research promises to reveal even more intriguing characteristics of manganites that can be useful in the 
next generation of RRAM technologies. >> 
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«« The investigators, from the National 
University of Singapore and Argonne 
National Laboratory, studied PSMO 
films in various thicknesses from 12 nm 
to 100 nm deposited on LaAlO, (LAO) 
substrates using XANES at the XSD 
20-ID-B,C x-ray beamline of the APS. 
XANES provides an excellent window 
into the structure of the absorbing atom, 
which in manganites such as PSMO is 
manganese (Mn) in the MnO, octahe- 
dron, as shown in Fig. 1b. The team 
collected data at the Mn K edge, at 
which the absorption structure is partic- 
ularly sensitive to strain effects. 

The PSMO films displayed two dif- 
ferent forms of strain, an in-plane com- 
pressive strain and an out-of-plane ten- 
sile strain. Polarization-dependent 
XANES measurements revealed differ- 
ent peak absorption energy (E,) with the 
different strains, with anisotropic struc- 
tural characteristics. However, as film 
thickness increased, these differences 
as well as the difference in E, dimin- 
ished (Fig. 1c-d). 

X-ray diffraction studies showed 
definite effects not only on the lattice 
constant of the PSMO films, but also on 
rotation of the MnO, octahedron. With 
increasing film thickness and the result- 
ing strain relaxation, the out-of-plane 
lattice parameter decreased and MnO, 
rotation was observed (Fig.1a). This is 
evidence of marked change in the 
PSMO crystal structure with correspon- 
ding effects on the film properties. 

As one example, the experimenters 
conclude that these changes in PSMO 


< Fig. 1. (a) Illustration of strain relaxation in 
tetragonal ratio of MnO, octahedron with in- 
creasing Pro; Sry ,4MnO, film thickness on (001) 
LaAIO, substrate; (b) illustration of charge 
transfer (A) between Mn 3d and O 2p orbitals 
(left), and final electronic configuration (right) 
after x-ray absorption. L refers to the O lig- 
and surrounding the Mn ion; L indicates O lig- 
and with one hole, resulting from the electron 
transfer from O 2p to empty Mn 3d orbitals; 
(c) polarized Mn K edge XANES for 

Pro ,;9rg 44MnO, films with different thicknesses; 
in parallel measurement ( | ), the polarization 
vector (E vector) of the x-rays was in the film 
plane; in the perpendicular case (L), the polar- 
ization vector was perpendicular to the film 
plane; (d) summary of E, from the parallel and 
perpendicular measurements with varying film 


thickness. The dashed lines are viewing guides. 


crystal structure are responsible for 
several subpeaks in the E,energies ob- 
served under XANES studies, which 
could result from splitting in Mn energy 
levels due to changes in charge transfer 
between Mn 3d and Oxygen 2p orbitals. 
While in-plane charge transfer was 
more prominent in the thinnest films 
studied (12 nm), both in-plane and out- 
of-plane transfer increased with film 
thickness. The effect on E, confirms 
that both charge transfer and crystal 
structure are affected by the strain re- 
laxation, with the differing E, values 
seen to converge as film thickness in- 
creases, as summarized in Fig. 1d. 
These researchers suggest that as 
strain relaxation increases with film 
thickness, local structural anisotropy 
decreases in both the in-plane and out- 
of-plane directions with resulting 
changes in the probability of charge 
transfer and change in E,. These 
changes also affect the PSMO magne- 
toresistance and the Curie temperature. 
— Mark Wolverton 


See: Bangmin Zhang!, Jingsheng 
Chen!, Ping Yang!, Xiao Chi', Weinan 
Lin, T. Venkatesan!, Cheng-Jun Sun**, 
Steve M. Heald?, and Gan Moog 
Chow'**, “Effects of strain relaxation in 
Pro g7Srg ,MnO, films probed by polar- 
ization dependent X-ray absorption 
near edge structure," Sci. Rep. 6, 
19886 (2016). DOI: 10.1038/srep19886 
Author affiliations: ‘National University 
of Singapore, “Argonne National Labo- 
ratory 
Correspondence: * cjsun@aps.anl.gov, 
** msecgm@nus.edu.sg 


Work at the National University of Singapore 
is supported by the Singapore National Re- 
search Foundation under CRP Award No. 
NRF-CRP10-2012-02. P.Y. is supported by 
SSLS via NUS Core Support C-380-003- 
003-001. This research used resources of 
the Advanced Photon Source, an Office of 
Science User Facility operated for the U.S. 
Department of Energy (DOE) Office of Sci- 
ence by Argonne National Laboratory, and 
was supported by the U.S. DOE under Con- 
tract No. DE-AC02-06CH11357, and of the 
Canadian Light Source and its funding part- 
ners. 


20-ID-B,C * XSD * Materials science, environ- 
mental science, chemistry * X-ray absorption 
fine structure, x-ray Raman scattering, micro 
x-ray absorption fine structure, microfluores- 
cence (hard x-ray), time-resolved x-ray ab- 
sorption fine structure, x-ray emission 
spectroscopy * 4.3-27 keV, 7-52 keV « On-site 
e Accepting general users ° 


"samarium" contd. from page 33 

These experimental results high- 
light the need for new theoretical in- 
sight into why SmB6 valence is sensi- 
tive to temperature but less so to 
applied pressure, and the nature of the 
underlying interactions that are respon- 
sible for the metallization and the onset 
of magnetic order. — Vic Comello 
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WHAT S A NICE PYROCHLORE LIKE YOU 
DOING WITH A SOC LIKE THAT? 


ver the past few decades, certain classes of compounds, such as 

the pyrochlores and perovskites, have been found to exhibit un- 

usual and complex electronic and magnetic behavior. Pyrochlores 
feature oxygen (O) atoms bound to a pair of transition or rare-earth metal ele- 
ments (denoted here A and B), with the chemical form A,B,O,. The cadmium- 
osmium-oxygen compound Cd,Os,O, is a pyrochlore with its own set of 
interesting electronic and magnetic properties. Explaining the origin of these 
properties has proven to be a difficult task; however, recent research has now 
resolved the mystery. Neutron diffraction revealed an all-in/all-out (AIAO) mag- 
netic structure, the first time this magnetic ordering has been demonstrated 
using this method. Additionally, resonant inelastic x-ray scattering, performed at 
the APS indicated an unexpected role for spin-orbit coupling (SOC) driving the 
compound's magnetic behavior. Besides revealing the subtle interplay of mech- 
anisms responsible for the electronic and magnetic structure of Cd,Os,O,, this 
research may provide insight into the origins of similar phenomena in other com- 
pounds where SOC was thought to be negligible. 





Under the right conditions, 
Cd5,Os,O; will exhibit a metal-insulator 
transition (MIT). This phenomenon 
manifests as an abrupt transition from 
an electrically-insulating state to a con- 
ducting state. First described by Nevill 
Mott in 1949, MITs have been found in 
a wide variety of materials including 
transition metal oxides, a family of com- 
pounds that encompasses many of the 
pyrochlores, among them Cd,Os,0.. 

The metal-insulator transition ob- 
served in Cd5Os,O;, unlike that origi- 
nally proposed by Mott, is linked to its 
microscopic magnetic structure. This 
makes the compound a rare and poten- 
tially technologically-important material 
wherein these two properties (magnet- 
ism and electric conduction) can be 
coupled together. Neutron powder dif- 
fraction was enlisted to determine the 
material's magnetic structure. Normally, 
neutron diffraction would prove ineffec- 
tive because the cadmium in Cd5,Os;O; 
readily absorbs neutrons instead of dif- 
fracting them. This problem was ad- 
dressed by incorporating an isotope of 
cadmium, 114Cd, that resists neutron 
absorption. The subsequent neutron dif- 
fraction measurements revealed the 
compound's ground-state magnetic 
structure (i.e., its lowest-energy mag- 
netic state). This magnetic structure is 
inextricably linked to the compound's 
crystalline structure. 

The crystalline lattice of Cd5,Os;O; 
forms adjacent tetrahedra, like little pyr- 
amids, with atoms at the vertices and 
faces. Some of the unpaired electrons 
in the outer subshells of the osmium 
atoms, located at the vertices of each 
tetrahedron, give rise to a local mag- 
netic ordering. This ordering occurs 


< Fig. 1. Illustration of the all-in/all-out mag- 
netic ground state observed in the Cd,Os,O, 
pyrochlore. Individual tetrahedra represent the 
bonds between osmium (Os) atoms. Blue arrows 
depict the spins of outer, unpaired electrons in 
the Os atoms of each tetrahedron, with all 
spins either pointing inwards towards the tetra- 


hedral center, or outwards away from it. 


when the spins of these electrons (with 
their associated magnetic moments) ei- 
ther all point inward towards the center 
of the tetrahedron, or all point outwards 
(Fig. 1). 

Resonant inelastic x-ray scattering 
(RIXS), performed on the MERIX instru- 
ment at the 30-ID-B,C beamline of the 
APS, an Office of Science user facility 
at Argonne National Laboratory, was 
used to probe the compound's elec- 
tronic structure. X-rays were tuned to 
promote core electrons (those close to 
the nucleus) to the valence orbitals (the 
outermost electrons) in the osmium 
atoms. When these promoted electrons 
fell back to a lower atomic energy state, 
a photon was emitted which provided 
information about the compound's over- 
all electronic arrangement, which in turn 
affects its magnetic structure. 

Previous research using RIXS and 
other methods revealed the 
magnetic/electronic structures of certain 
iridium-based pyrochlores. As with 
Cd.Os,0O,, these iridium (Ir) pyrochlores 
exhibit metal-insulator transitions and 
other technologically-important charac- 
teristics which arise from a complex in- 
terplay of microscopic phenomena, for 
instance the electrostatic charges be- 
tween ions in the material's crystalline 
lattice. Another contributing factor to the 
behavior of the iridate pyrochlores is 
spin-orbit coupling (SOC), which results 
from the interaction between the spins 
of certain electrons to their movement 
(or orbit) around the atomic nuclei. 

While SOC plays a significant role 
in driving Ir-pyrochlore behavior, it was 
thought to only appear weakly in 
Cd5Os,O;. This was disproven by the 
RIXS spectral data (Fig. 2), which re- 
veals a magnetic excitation indicating 
significant spin-orbit coupling in the 
compound. 

This research provides important 
insights into the factors driving the be- 
havior of Cd,Os,O-. The all-in/all-out 
magnetic ground state of this com- 
pound, which has only been inferred for 
the Ir pyrochlores, was directly ob- 
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Fig. 2. X-ray scattering data for osmium atoms in Cd,Os,O,. The vertical axis indicates the energy of 


incoming (incident) x-rays from the synchrotron beamline. The horizontal axis represents the inelastic 


energy loss, which is the energy difference between the incident and emitted x-ray photons associ- 


ated with the RIXS process. Three distinct features appear, labeled E,, E,, and E.. The E, feature indi- 


cates a magnetic excitation in Cd,Os,O, due to spin-orbit coupling. (Solid horizontal line indicates the 


incoming x-ray energy that most strongly elicits features E, and E,, while the dashed line is the energy 


most associated with E...) 


served via neutron diffraction. Further- 
more, RIXS spectral data demonstrated 
that spin-orbit coupling is a major factor 
in the appearance of its Al/AO magnetic 
ordering. These results also provide 
new information about the potential fac- 
tors driving the magnetic and electronic 
characteristics of similar pyrochlores, 
indicating new pathways to drive and 
control the exotic metal-insulator transi- 
tions within these materials. 

— Philip Koth 
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STUDYING THE MAGNETIC BEHAVIOR OF 
SUPERCONDUCTING EUROPIUM 


uropium, an unassuming silvery solid reminiscent of crumpled alu- 

minum foil, may be best known for being one of the least abundant 

elements in the universe—but that is about to change. Research by 
an international team utilizing two x-ray beamlines at the APS has shown this 
element offers some insight into what occurs during the onset of supercon- 
ductivity. Europium is superconductive at high pressures but recent results from 
studies carried out at the APS show that it retains its strong local magnetic mo- 
ments while superconducting and without changing its valence state. This com- 
bination of superconductivity and magnetic moment indicates that europium's 
superconductivity results from magnetic fluctuations, unlike that which occurs 
in many other superconductors. The results demonstrate that superconductiv- 
ity in europium may occur in a way similar to heavy fermions and iron pnic- 
tides, two types of materials whose own superconducting behavior challenges 
currently-accepted theories about the underlying role of magnetism in super- 


conductivity. 

Superconducting materials are 
usually non-magnetic and produce zero 
electrical resistance when cooled below 
a Critical temperature. Instead of mov- 
ing in a free flow, the electrons in a su- 
perconductor are bonded together into 
c Cooper pairs. Most of the previous re- 
search that studied the relationship be- 
tween magnetic ordering and supercon- 
ductivity used materials that required 
charge doping, an added complexity 
that makes investigating the relation- 
ship more difficult. 

The team chose to scrutinize eu- 
ropium, a lanthanide, which becomes 
superconducting without chemical dop- 
ing. Most lanthanides—metallic ele- 
ments also part of the set of rare earth 
elements—have strong magnetic prop- 
erties. But only two, europium and 
2 cerium, superconduct, and only while 

under pressure. Previous research in- 
0 20 40 60 80 100 120 140 volving cerium showed that it supercon- 

P (GPa) ducts while somewhat persisting in the 

4f magnetic state, but also showed a 
significant increase in f-d hybridized or- 
bital shells. The team analyzed eu- 
ropium to determine if it might react the 
same way. 

To understand the relationship be- 
tween magnetism and the onset of su- 
perconductivity in europium, the team 

"Europium" cont'd. on page 40 
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Fig. 1. The magnetic (left, shaded in blue) to superconductive (right, shaded in pink) transition in eu- 

ropium as a function of pressure. The left-hand Y-axis shows the non-zero magnitude of the magnetic 
hyperfine field when europium is magnetic. The right-hand Y-axis shows the critical temperature while 
europium is superconducting. Europium transitions from magnetic behavior to superconductivity at ap- 


proximately 80 GPa. 


How A MULTIFERROIC STOPPED BEING 
FERROIC AND BECAME GLASSY 


ultiferroic materials could make vastly better information stor- 
age devices than the ones we currently use. A hard drive made 
from a multiferroic could be written on using electricity, with less 
energy and a more stable structure that wouldn't degrade from random acci- 
dents or stray magnetic fields. Such a hard drive could use four-state logic; 
each bit could be a 0 or 1 in two different ways; up or down electric polariza- 
tion and up or down magnetically. This would allow much more information to 
be written on much smaller devices. But multiferroic materials are not well un- 
derstood, and the best ones work only at inconveniently low temperatures. Re- 
searchers used the APS to explain why one such multiferroic, erbium 
manganese oxide, undergoes a phase transition from ferroic (magnetic) to 





glassy, and what this might mean for other multiferroic materials. 
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Fig. 1. Quasi-elastic scattered x-rays show a large peak in intensity at temperatures below about 


880° C [middle peak in both (a) and (b)], suggesting the material is frozen in a glassy state. 


Electricity and magnetism are 
linked; a stream of moving electrical 
charges—a current—creates a mag- 
netic field. Conversely, a moving mag- 
net can induce an electrical current. But 
some special materials such as iron, 
nickel and cobalt have their own perma- 
nent magnet moment, even without an 
electrical current running through them. 
We call them ferromagnets. Refrigera- 
tor magnets are ferromagnets, and 
they're also found in electrical genera- 
tors, loudspeakers and transformers. 
There are also materials that have an 
intrinsic electrical field. These are called 


ferroelectrics. Then there are some ma- 
terials, called multiferroics, that have 
both a magnetic moment and an intrin- 
sic electrical field; most usefully, these 
two qualities are linked. If we learn how 
to reliably manipulate one, we can use 
it to change the other. And if we learn 
how and why these materials’ unusual 
atomic structures lead to their multifer- 
roic properties, we can potentially de- 
sign better multiferroics that are more 
amenable to commercialization. 

Erbium manganese oxide develops 
ferroelectricity at temperatures less 
than 1195° C. The ferroelectricity 


strengthens with a promising fast pace 
as temperature decreases. Then, the 
ferroelectricity suddenly degrades at 
~800° and does not recover. Over 
decades, the exact reason for the 
degradation has been the subject of nu- 
merous studies. A team of researchers 
from Argonne, the Rochester Institute of 
Technology, and Rutgers University 
suspected a shift in the material’s local 
symmetry—how the atoms are 
arranged—might be the reason for the 
change. The team used three different 
x-ray techniques to illuminate erbium 
manganese oxide’s structural shifts be- 
tween 20° and 1300° C. They found 
something very surprising: at lower tem- 
peratures, erbium manganese oxide be- 
haved more like a glass than a crys- 
talline solid (the vast majority of metals 
are crystalline). The manganese atoms 
each combined with three oxygen 
atoms to make little pyramid-like struc- 
tures, and these pyramids were shifted 
around in a disordered way. When their 
positions were averaged the pyramids 
looked as if they were arranged in an 
orderly way, but this was an illusion. 
Each individual pyramid was a little off 
from where it should have been, as if a 
band of rampaging nano-children had 
run through and randomly kicked each 
pyramid out of place in a different direc- 
tion. But at high temperatures, the ma- 
terial shaped right up. 

"Ferroic" cont'd. on page 40 


"Europium" cont'd. from page 38 
needed to measure the magnetic prop- 
erties of the element across a range of 
pressures. They used synchrotron 
Mossbauer spectroscopy and x-ray 
emission spectroscopy—and a diamond 
anvil cell to provide pressure in both 
cases—to watch the evolution of the 
magnetic properties of europium as the 
pressure increased high enough to in- 
duce superconductivity. The synchro- 
tron Móssbauer spectroscopy was per- 
formed during five experimental runs at 
the XSD 3-ID-B,C,D beamline at the 
APS; the team used the high-brightness 
x-rays to probe the M1 nuclear transi- 
tion 7/2 -» 5/2 in !?'Eu. The x-ray emis- 
sion spectroscopy was performed at the 
HP-CAT 16-ID-D beamline at the APS; 
the team monitored the nonresonant Eu 
Ly1 line for changes that would indicate 
the presence of f-d hybridization. 

The team found that the onset of 
superconductivity occurred above 80 
GPa and coincided with the disappear- 
ance of magnetic order. Figure 1 shows 
the change from the magnetic phase 
(below approximately 80 GPa) to the 
superconducting phase (above approxi- 
mately 80 GPa). As the pressure in- 
creased, so did the magnetic hyperfine 
field, until approximately 80 GPa was 
reached. However, strong local mag- 
netic moments persisted near the Eu 
cations after the onset of superconduc- 
tivity. The team found no change in the 
Ly, spectral line of europium, meaning 
that the 4f magnetic state stayed intact 
with no measurable increase in f-d hy- 
bridized orbital shells. 

The team concluded that magnetic 
fluctuations may play a role in eu- 
ropium's superconductivity because the 
effect of magnetic fluctuations on 
Cooper pairing has been shown to oc- 
cur in other 4f heavy fermion materials 
where superconductivity occurs near a 
quantum critical phase transition, as 
was shown in these results for eu- 
ropium. — Mary Alexandra Agner 
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Because the structure was compli- 
cated and the difference subtle, the re- 
searchers used three different tech- 
niques at three different beam lines to 
figure it out. They used XSD beamline 
11-ID-D to perform high-resolution x-ray 
diffraction to measure the lattice con- 
stants—the size of repeating units of 
atoms in the material—very precisely. 
At a separate XSD beamline, 3-ID- 
B,C,D, there is equipment that can re- 
solve the energy of quasi-elastic scat- 
tered x-rays. These are x-rays scattered 
by atomic vibrations. This showed the 
team that the atoms in the erbium man- 
ganese oxide were shifted and frozen 
somewhat randomly in space, not in a 
perfectly ordered lattice (Fig. 1). At XSD 
beamline 8-ID-E, the team used x-ray 
speckles to measure the atoms' move- 


ment over time. They found the atomic 
shifts were frozen over time. APS is one 
of only three synchrotrons in the world 
that can do all three of these measure- 
ments. Its brilliance is especially valu- 
able, making the x-ray speckle meas- 
urement possible. 

Erbium manganese oxide’s glassy 
behavior at low temperatures is unde- 
sirable. It disrupts the useful ferroelec- 
tricity and magnetism of the material. 
Now that they know the structure, mate- 
rials scientists may be able to re-design 
the material to decrease the glassy be- 
havior by adding in additional elements, 
or substituting the existing elements 
with something different that is less 
likely to shift in this disordered way. 

— Kim Krieger 
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ENGINEERING MATERIALS & 
APPLICATIONS 





Andrew Chuang, physicist and beamline scientist with the Materials Physics & Engi- 
neering Group of XSD, in the XSD 1-ID-E high-energy x-ray beamline preparing an x- 
ray tomography experiment for the three-dimensional characterization of advanced 
casting alloys for heavy duty engine applications. 
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MODELING TEMPERATURE-DEPENDENT STRUCTURE IN 
SODIUM BORATE MELTS 


Fig. 1. A spherical bead of borate suspended in an aerodynamic levitation furnace. 





or decades, scientists have altered the chemical composition and 

structure of glass to improve performance. That's why brownies can 

be baked in Pyrex and the screen on a dropped smartphone often 
doesn't break. To discover glasses that are more functional and/or less ex- 
pensive, scientists model the melt properties of glass-forming liquids. Re- 
searchers in this study used the thermodynamic model of ideal associated 
solutions to predict the temperature dependent properties of sodium borate 
glasses and then tested their model experimentally using high-intensity, high- 
energy x-rays from the U.S. Department of Energy's Advanced Photon Source 
(APS). The model predicted the structural transition found in molten Na,B,O;, 
suggesting that it provides a much more computationally inexpensive method 
of structure prediction than molecular dynamics, covering the equilibrium melt, 


supercooled liquid, and glassy states. 


As an amorphous material, the 
structure of glass is affected not just by 
its composition, but also by its thermal 
history. Modeling allows researchers to 
better understand the properties of dif- 
ferent compositions of glasses and thus 
drive the development of novel glasses 
that propel technological advances for- 
ward. Glass modeling is increasingly 
done by topological constraint theory: 
the idea that these materials are cre- 
ated by nodes (atoms) that are con- 
strained by rigid rods (chemical bonds). 
However, while this model works well at 
ambient temperature, it is not always 
effective at higher temperatures. For 
example, the model does not predict 
the sodium borate glass transition tem- 
perature plateau, at 20-40 mol % 
Na5O, which is important, as sodium 
borosilicate glasses are in widespread 
use as Pyrex and optical glasses. 

The researchers, from Materials 
Development. Inc. (MDI); Argonne Na- 
tional Laboratory; the Alexander 
Dubcek University of Trencín and 
RONA (Slovak Republic); the Institute 
of Chemical Technology Prague (Czech 
Republic); and Northwestern University 
set out to determine whether the ther- 
modynamic model of ideal associated 
solutions could predict important tem- 
perature dependent structural changes, 
which can greatly affect the glass tran- 
sition temperatures and melt properties 
important during glass making. This 
model describes an oxide liquid as an 
ideal solution of end member oxides 
and any crystalline compounds forming 
within the system. The model has no 
free parameters and requires as input 


the melt composition and the free ener- 
gies of formation, and local structure, of 
each compound; it outputs their relative 
amounts based on the laws of mass ac- 
tion and mass balance. The thermody- 
namic model predicts temperature 
dependence of the B-O coordination in 
the composition region 20-50 mol 96 
Na, O—in line with the glass transition 
temperature plateau. 

To test the predictions, the team 
created borate (Na5B,O;) spherical 
beads that they suspended in an aero- 
dynamic levitation furnace (Fig. 1) and 
then supercooled them from equilibrium 
liquid through the glass transition. The 
team used high-energy x-ray diffraction 
measurements made at XSD beamline 
6-ID-D of the APS, which revealed a 
continuous structural transition in the 
network liquid, evolving from a low-den- 
sity, depolymerized melt at about 300 K 
above the melting temperature, to a 
dense polymerized melt close to the 
glass transition. Thereby, the thermody- 
namic model of ideal associated solu- 
tions was shown to be able to predict 
temperature-driven structural re- 
arrangements at different temperatures. 

These results will help researchers 
to improve industrial glass design and 
manufacture, a process that will con- 
tinue as MDI begins a four-year, NASA- 
funded project. The researchers will 
measure the thermophysical properties 
of molten metal oxides as they super- 
cool in low gravity conditions—keeping 
the fluid free from convection—to more 
accurately measure physical properties. 
Initially, the researchers will use MDI 
and NASA levitation instruments and 


then will perform experiments on the In- 
ternational Space Station. To better un- 
derstand glass formation at the atomic 
level, the researchers will also continue 
to use the APS. — Dana Desonie 
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COATING POROUS CRYSTALLINE FRAMEWORKS 
TO REPEL WATER AND OIL 


orous materials appear in numerous industrial applications, where their range of topologies and inter- 

nal cavities provide exceptionally high surface area for functions ranging from the absorption of toxins 

to catalyzing chemical reactions. Unfortunately, the efficiency and lifespan of these materials are often 
degraded by exposure to water, oils, and other solvents. While specialized coatings can resist such solvents, only 
limited success has been achieved in satisfactorily applying these coatings to porous materials. In this study, re- 
searchers have for the first time successfully coated tiny porous particles to make them both water- and oil-re- 
sistant, without degrading their functionality. The particles were composed of a metal-organic framework (MOF), 
which is both highly crystalline and highly porous. Several techniques, including x-ray diffraction measurements 
performed at the APS, were utilized to gauge the efficacy of the solvent-resistant coating. Effectively protecting 
MOFs and other porous materials from harsh chemical environments is expected to benefit a variety of appli- 
cations, including molecular separation, carbon sequestration, and gas storage. 





Fig. 1. Illustrations of a MOF before and after treatment. The left-hand side depicts water and oils 


adhering to the surface of an untreated MOF. After the MOF is chemically coated (right-hand side), 


water and oil bead up on its surface. 


Among the most widely used 
porous compounds are the Zeolites, 
which occur both as natural minerals 
and as commercially-synthesized com- 
pounds. MOFs also form highly porous 
crystallites with many favorable attrib- 
utes such as adjustable pore size, large 
surface areas, and easy structural mod- 
ification. 

The porous material examined for 
this research was a zeolitic imidazolate 
framework (ZIF), which is a type of 
MOF that mimics the structure of a zeo- 
lite. Water and oil normally adsorb onto 


the surfaces of ZIF particles. The re- 
searchers' task was to coat ZIF parti- 
cles with a water- and oil-repellant com- 
pound while allowing other types of 
molecules to enter their pores. Figure 1 
schematically illustrates the concept. 
Particle coating was accomplished 
using a two-step process. First, the re- 
searchers, from Zhejiang University 
(China), the University of South Florida, 
and The University of Chicago, synthe- 
sized vinyl-functionalized ZIF particles. 
This means that vinyl molecules 
(C2H3) were embedded throughout the 


pores and cavities of the ZIF particles 
without disrupting their underlying sin- 
gle-crystalline lattice. The embedded 
vinyl molecules provided chemical 'han- 
dles' for attaching the final hydrophobic 
(water-repellant) and oleophobic (oil-re- 
pellant) coating. These modified parti- 
cles were designated ZIF-8-V; the par- 
ticular MOF crystalline structure is 
"ZIF-8," while "V" indicates the attached 
vinyl groups. 

The final step in creating the am- 
phiphobic ZIF particles was to utilize a 
chemical that would adhere to the em- 
bedded vinyl groups without blocking 
the particles' pores. A fluorinated or- 
ganic molecule (1H,1H,2H,2H-perfluo- 
rodecanethiol) was chosen for being 





Fig. 2. Schematic depiction of the coating process. The left-hand side of the figure indicates that vinyl 


molecules have been distributed throughout the porous structure of the MOF particle. The inset at the 


middle top is a magnified view showing vinyl molecules encircling an individual component of the 


MOF particle. The right-most view depicts the fluorine-based compound applied to the outside of the 


entire MOF particle. 


both highly amphiphobic as well as too 
large to enter the tiny ZIF-8-V pores. 
Following application of the amphipho- 
bic compound, the newly-treated parti- 
cles were designated ZIF-8-VF, where 
the appended “F” indicates the fluorine- 
based coating (Fig. 2) 

A series of tests characterized both 
the coated and uncoated ZIF particles. 
Powder X-ray diffraction (PXRD) meas- 
urements indicated that the coated ZIF- 
8-VF particles retained their original 
porous structure and crystallinity. Addi- 
tionally, infrared and x-ray photoelec- 
tron spectroscopy, nuclear magnetic 
resonance, nitrogen sorption isotherms, 
and scanning electron microscopy all 
indicated that the fluorine-based com- 
pound successfully adhered to the ZIF- 
8-VF particles, without degrading poros- 
ity or structural integrity. 

The next step was to determine 
how well the coated ZIF-8-VF particles 
repelled water and oils. Contact angle 
experiments (measuring how far a fluid 
creeps up a particle's sides) demon- 
strated that the coated ZIF-8-VF parti- 
cles were much more hydrophobic and 
oleophobic than the untreated ZIF-8-V 
particles. Additionally, vapor adsorption 
tests showed that the coated ZIF-8-VF 
particles adsorbed far less water vapor 
and hydrocarbon vapor than did the un- 
treated ZIF-8-V particles. 


As a final test, ZIF particles were 
exposed to 10096 humidity along with 
CO2. After 240 h, the uncoated ZIF-8-V 
particles were markedly degraded, 
while the coated ZIF-8-VF particles ap- 
peared pristine even after tripling the 
exposure duration (720 h). 

To demonstrate the applicability of 
these coating techniques to other 
porous materials, the researchers 
chose MOF-5, a crystalline form of 
MOF that is highly unstable in humid 
CO2 environments. Coated and un- 
coated MOF-5 particles were examined 
by powder X-ray diffraction following ex- 
posure to humid CO2 conditions. The 
PXRD data were collected at beamline 
15-ID-B,C,D of ChemMatCARS at the 
APS. After 4 h, pores of the uncoated 
MOF-5 particles disappeared com- 
pletely, while the coated (MOF-5-VF) 
particles retained their pores and crys- 
tallinity even after 7 days of continuous 
exposure. 

These results show that the coating 
techniques demonstrated in this re- 
search not only render highly-crystalline 
MOF particles amphiphobic, but they 
also provide a kind of chemical shield- 
ing from the humid and acidic CO2 en- 
vironments found in many industrial 
processes. — Philip Koth 
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PUTTING THE SQUEEZE ON HYDROGEN AND 
SODIUM FOR SUPERCONDUCTIVITY 


Pn 





Fig. 1. Structure of NaH;, with the three-atom hydrogen chain in center. 








uperconductivity is a hot phenomenon that occurs only at very cold 
temperatures. Finding ways to change that and make superconduc- 
tivity practical at higher temperatures is a major goal for physicists 


and engineers. One possibility involves the metallic phase of hydrogen, the- 
orized to be superconducting at ambient temperatures but yet to be achieved 
in practice. By synthesizing a compound of hydrogen with sodium using the 
APS, experimenters have achieved a new class of sodium polyhydrides, tak- 
ing a highly promising first step toward achieving practical high-temperature, 
ambient pressure superconductivity. The unusual linear electronic structure 
of these polyhydrides lends itself to the creation of new metallic materials with 
superconducting properties at higher temperatures than previously possible. 
They may also be useful for hydrogen storage applications in fuel cells. 


For years, polyhydride com- 
pounds, in which hydrogen atoms are 
combined with alkali metals such as 
sodium, lithium, or potassium atoms, 
have been predicted to display unusual 
properties and structures under high 
temperatures and pressures, including 
the possibility that superconducting 
properties might remain even at ambi- 
ent temperatures and pressures. Such 
metallic hydrogen compounds would 
feature several H3- ions in a linear 
configuration that would resemble a 
one-dimensional phase of hydrogen. 
But these intriguing theoretical predic- 
tions have eluded experimental confir- 
mation. Recent reports of the 
production of Li polyhydrides seemed 
to favor theoretical models, but the re- 
sulting samples were not fully charac- 
terized to confirm their structure. 

The research team in this experi- 
ment, from the Carnegie Institution of 
Washington, the Center for High Pres- 
sure Science and Technology Ad- 
vanced Research (China), Lawrence 
Livermore National Laboratory, Univer- 
sity College London (UK), the Univer- 
sity of Cambridge (UK), Cavendish 
Laboratory (UK), The University of 
Chicago, and the Chinese Academy of 
Sciences set out to synthesize sodium 
and lithium polyhydrides using a laser- 
heated diamond anvil cell (DAC) at the 
GSECARS 13-ID-C,D x-ray beamline 
at the APS. Experiments at pressures 
up to of 70 GPa at room temperature 
showed no polyhydride phase in either 
Na or Li, but upon laser heating up to 
temperatures of about 2000° K at pres- 
sures of approximately 30 to 40 GPa, 
the researchers observed the formation 
of NaH polyhydrides (Fig. 1). 


They investigated the newly- 
formed material using both x-ray diffrac- 
tion (XRD) and Raman spectroscopy at 
GSECARS, both of which confirmed 
that the material’s structure was quite 
different from pure hydrogen. Two sta- 
ble phases were identified, NaH, and 
NaH,, although the former was far 
more dominant. Even higher polyhy- 
drides might be present in the synthe- 
sized samples, although the data for 
them are inconclusive. The team's re- 
sults match very well with their own the- 
oretical calculations, which used the ab 
initio random structure searching 
method and predicted the NaH3 phase 
and several others more favorable than 
those theorized in previous work. 

Since the experiments involved 
very high pressures and temperatures 
confined to a small space inside the 
DAC at GSECARS, the experimenters 
faced some special challenges in ob- 
taining their data. Laser heating of hy- 
drogen under such conditions can 
result in breaking and failure of the 
DAC, and the team experienced this 
problem during most of their experi- 
ments, requiring repeated runs to en- 
sure the collection of sufficient data for 
measurements and characterization. 
The researchers note that while pro- 
longed laser heating is likely the best 
method for producing good single- 
phase samples, the susceptibility of 
DACs to failure in the presence of hy- 
drogen makes this difficult at present. 

The researchers plan to extend 
this work into the investigation of new 
classes of alkali metal polyhydrides, 
particularly the possibility of synthesiz- 
ing them more easily at lower tempera- 
tures and pressures. The present work 


is a significant step in creating the ma- 
terials to eventually make superconduc- 
tivity practical and accessible. 

— Mark Wolverton 
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COMPARING 3-D SHOCK DAMAGE IN 


COPPER TO ITS PRE-DAMAGED 


uel cells efficiently convert chemical energy into electrical power while gen- 

erating few if any polluting emissions. Like batteries, they consist of three 

parts: an electrolyte, an anode, and a cathode. Unlike batteries, which run 
down periodically, fuel cells can continue running as long as they are supplied with 
fuel. Today’s solid oxide fuel cells (SOFCs) are an important type of fuel cell whose 
electrolyte—the layer separating the anode from the cathode—is a solid-state metal 
oxide. Most SOFCs can use a wide variety of fuels because their electrolytes con- 
duct oxygen ions, but these SOFCs require high temperatures (500-750° C) to op- 
erate, which makes the fuel cells expensive and slow to start. Much research is 
aimed at developing SOFCs that operate at lower temperatures (300-500° C) by ex- 
ploiting proton-conducting electrolytes, but such electrolytes that have high ionic 
conductivities are also often good conductors of electrons. Electron conduction 
needs to be suppressed during operation to force the electrons to pass through the 
external electrical circuit connected to the fuel cell (Fig. 1). Recently researchers de- 
veloped an electron doping strategy that yields a high-performance SOFC having a 
proton-conducting electrolyte that achieves an ionic conductivity comparable to the 
best performing electrolytes operating at similar temperatures, while suppressing 
electronic leakage at the same time. The operating principles of the strategy were 


validated in separate experiments conducted at two APS beamlines. 


The response of materials to dy- 
namic loading varies according to their 
properties. For instance, the type, 
shape, and arrangement of grains and 
grain boundaries within a polycrystalline 
metal or alloy can dramatically affect 
how it deforms under load. These and 
other features of a material's micro- 
scopic structure are represented by nu- 
merical models utilized to predict dy- 
namic loading behavior. To improve 
dynamic modeling accuracy, empirical 
data are needed that reveal how sam- 
ples actually deform under shock load- 
ing conditions. However, at the micro- 
scopic level this empirical data has 
been incomplete. The experimental 
techniques demonstrated in this study 
will help reduce this knowledge gap. 

High-energy diffraction microscopy 
is used increasingly as a non-destruc- 
tive method for imaging materials at the 
grain and sub-grain levels. The high-en- 
ergy x-rays required for HEDM are pro- 
duced at synchrotron x-ray facilities like 
the APS. Both near-field and far-field 
HEDM exist; the two methods are used 


to image different structural properties 
of a material. For this study, near-field 
was more appropriate for imaging the 
copper's orientation field with high spa- 
tial resolution. 

The experimental target chosen for 
shock loading was a small disk of high- 
purity copper. Electron backscatter dif- 
fraction revealed an average grain size 
approximately 30 um across. Slightly 
less than one cubic millimeter of the 
copper sample was mapped using nf- 
HEDM. For three-dimensional (3-D) im- 
aging, monochromatic x-rays were fo- 
cused into a thin ribbon 1.4-mm wide by 
2-um thick. This thin x-ray beam was 
used to render 170 individual “slices” of 
the sample that were assembled to 
form a 3-D image approximately 0.8 
mm? in volume. 

The 3-D imaging described above 
is not new. Instead, the novel achieve- 
ment of this study is the direct compari- 
son of pre- and post-shock conditions 
within the same exact region. This was 
accomplished by identifying and remov- 
ing (via micromachining) a tiny region of 


STATE 


the copper disk that had been imaged 
by nf-HEDM. The extracted region was 
embedded in a copper target assembly, 
which was subsequently impacted by a 
high-speed copper plate to induce 
shock loading. 

Following impact, the target as- 
sembly was taken to the XSD 1-ID- 
B,C,E beamline at the APS where the 
embedded copper region was again 
mapped using nf-HEDM. Figure 1 
shows the pre- and post-shocked cop- 
per. The impact deformed the region's 
grains and grain boundaries, accompa- 
nied by spalling and formation of gaps 
(voids) between grains. Analysis con- 
firmed that, as expected, most voids ap- 
peared at grain boundaries and other 
microstructural features. 

On the other hand, the finding that 
voids showed no statistical correlation 
to any particular type of grain boundary 
was somewhat surprising and points to 
the presence of additional complicating 
variables affecting void position. Subse- 
quent research (by Lieberman et al.) 
has examined some of these variables. 


While considerable insight 
into the microscopic effects of 
shock loading has been gleaned 
from the experimental data, addi- 
tional data analysis should pro- 
vide an even better picture of 
shock loading within the copper 
specimen. For future experi- 
ments, the researchers anticipate 
that these techniques will be ap- 
plied to shock loading phenom- 
ena in a variety of materials. Fur- 
thermore, by utilizing both 
near-field and far-field HEDM 
measurements, researchers ex- 
pect a far more complete data set 
for further refinement of dynamic 
modeling programs. 

— Philip Koth 
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Fig. 1. Visual representation of the experimental data. Panels (a) and (b) show side-by-side comparisons of 
the pre- and post-shocked copper sample. The left-hand side of panel (a) presents a cutaway view of the 
copper sample prior to impact, with colors used to indicate each grain's crystalline orientation. The right-hand 
side of panel (a) is post-impact, with the color scheme indicating the amount that the center of mass of each 
grain has moved in the shock loading (z) direction. Colored bar on far right quantifies the center-of-mass dis- 
placements in the z-direction. (Missing grains in right-hand image actually exist, but were so distorted by im- 
pact they could not be reconstructed from the x-ray data.) Panel (b) shows close-up view of four copper 
grains, before (left) and after (right) impact. Location of this four-grain group within the sample is shown by 
the inset of panel (a). The sizes and shapes of the four color-coded grains are significantly altered by the im- 
pact. Rotation of the dark maroon grain at left is so severe that its post-shock orientation is represented by 
the yellow regions at right. Red circle indicates that a post-impact void has emerged where the four grains 
meet. 

Panel (c) shows the emergence of voids following impact. Left side shows a cutaway view of the sample, with 
voids appearing black. Right side is a top-down view of the sample's edges showing a crescent-shaped 


spall/void field produced by impact. 
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REVEALING GROWTH PATTERNS IN 


EUTECTIC MIXTURES 


he crystallized state of many materials arises from the repetition of 

a microscopic unit cell. In contrast to such a perfect crystalline lat- 

tice, the patterns formed by some solids display a much more com- 
plex ordering. In the case of "irregular eutectics," highly complicated structures 
can arise at the mesoscale, including needles, plates, branches, and other 
convoluted shapes. Such complex structures appear frequently in nature, as 
well as in man-made materials ranging from organic solids to metallic and 
semi-metallic alloys. To gain additional insights into the underlying mechanisms 
responsible for the formation of these complex structures, x-ray microtomog- 
raphy performed at the APS was utilized to image the three-dimensional evo- 
lution of a representative irregular eutectic alloy. The experimental results have 
shed new light on the solidification pathways of the complex shapes arising 
from a eutectic system. These new insights should improve the modeling of 
such systems, allowing scientists and engineers to better predict and control 
their resulting morphologies, including enhancing the engineering of stronger 
and more resilient alloys. 
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Fig. 1. Three-dimensional reconstruction of the region-of-interest based on the XRT data, some 3 min. 
into solidification of the sample. The yellow portions of the image indicate solid germanium, white is 
solid aluminum, and blue is the original liquid alloy that is not yet solidified. Length scale at bottom 
shows the mesoscale nature of the eutectic system. Covering a few tenths of a millimeter (several hun- 
dred micrometers), the overall structure is above the nanometer scale, but below the readily visible 


macroscopic scale. 





In certain alloy systems, a liquid of 
fixed composition freezes to form a 
mixture of two different solid phases. 
This is known as the eutectic reaction. 
Oftentimes flakes, plates, or rods— 
generically referred to as lamellae— 
are formed. So-called "regular eutectic" 
materials feature lamellae which are 
more-or-less spaced in a repetitive, pe- 
riodic fashion throughout the solid. In 
the case of irregular eutectics, this pe- 
riodic spacing of the lamellae is usually 
absent. In practice, irregular eutectics 
often arise from liquids containing ele- 
ments forming faceted phases in the 
material (e.g., silicon or germanium) 
along with non-facet-forming elements 
(aluminum or silver). 

Models attempting to explain the 
growth of irregular eutectic patterns 
from liquids have been around for 
nearly 50 years. Experimental tests of 
these models sometimes involve 
quenching irregular eutectic alloys dur- 
ing growth, but quenching tends to dis- 
tort the actual eutectic pattern. Another 
method uses optical micrographs of 
thin organic films. This method also 
has shortcomings, including the ex- 
trapolation of a two-dimensional pat- 
tern to a three-dimensional eutectic 
system. Moreover, organic compounds 
may not properly simulate the interfa- 


cial dynamics that occur in real, metal- 
lic eutectics. 

To more accurately test the exist- 
ing models, the research team exam- 
ined the solidification process of a eu- 
tectic alloy using x-ray 
microtomography (XRT). Performed at 
the XSD 2-BM-A,B beamline of the 
APS, the high-resolution XRT tech- 
nique allowed for the reconstruction of 
three-dimensional images of a eutectic 
pattern as it grew over time. The eu- 
tectic alloy chosen was a roughly 
50/50 mix (by weight) of faceted ger- 
manium and non-faceted aluminum, 
selected for two reasons. First, the 
large disparity in the atomic numbers 
of germanium and aluminum produces 
a stark contrast in x-ray attenuation, 
allowing the two elements to be easily 
distinguished. Secondly, germanium is 
a good proxy for similar faceted eutec- 
tic elements (e.g., silicon and gallium). 

The germanium/aluminum alloy 
was formed as a 1-mm-diameter rod. 
Beginning as a liquid melt, the sample 
was cooled from just above the alloy's 
eutectic temperature of 420° C, to 3° C 
below. A three-dimensional reconstruc- 
tion of the sample appears in Fig. 1, 
revealing the highly complex eutectic 
pattern that has emerged after 3 min- 
utes into solidification. The orange-col- 
ored germanium appears as lamellae 
in the form of plates scattered through- 
out the image and the white aluminum 
appears as bulbous strips on the ger- 
manium plates. Figure 2 shows a 
close-up view of an individual plate. 

The ability of the XRT technique 
to track the growth of the eutectic pat- 
tern in three dimensions has allowed 
new insights into the mechanisms re- 
sponsible for such pattern formation, 
insights that cannot be obtained using 
other imaging methods. Several inter- 
esting conclusions were drawn from 
the XRT data. For instance, counter to 
the classical picture of a duplex solid- 
liquid growth front, it appears that in- 
stead the aluminum phases grow 
through holes within the germanium 
plates. Thus, defects within the 
faceted phase (in this case germa- 
nium) are critical to the growth process 
of the overall irregular eutectic system, 
and are largely responsible for the mi- 
crostructural complexity that emerges 
during pattern formation. 





Fig. 2. Close-up view of one of the plates composing the eutectic system of Fig. 1. When a plate or 


other structure arises from a single nucleation site (i.e., a distinct site of solidification in the liquid) it is 


called 'colony'. The overall solid eutectic system of Fig. 1 is composed of many individual colonies, 


such as the plate shown here. 


The results of this research, while 
confirming certain parts of previous 
models, reveal that none can fully ex- 
plain all aspects of eutectic pattern for- 
mation. These insights will be utilized to 
improve the modeling and processing of 
irregular eutectic alloys. 

— Philip Koth 
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A HIGH-PERFORMANCE, LOW-TEMPERATURE 


SOLID OXIDE FUEL CELL 


ome remodeling companies sometimes use before and after pic- 

tures to visually dramatize the benefits of their services to con- 

sumers. Now, for the first time, researchers working at the U.S. 
Department of Energy’s Advanced Photon Source (APS) have produced their 
own set of before-and-after images revealing the microscopic changes within 
a polycrystalline material subjected to high-speed impact. The research team 
used near-field high-energy diffraction microscopy (nf-HEDM), an x-ray imag- 
ing technique, to resolve the intricate, three-dimensional (3-D) effects of shock 
loading. These microscopic effects include both plastic deformation of crys- 
talline grains and the formation of voids within the material. Conventional tech- 
niques either rely on surface measurements to infer the pre- and post-shocked 
structure of a material, or destructive methods that make it impossible to ob- 
serve the same region before and after impact. In contrast, by combining the 
non-destructive nature of nf-HEDM with innovative experimental techniques, 
these researchers were able to image and compare pre- and post-shocked mi- 
crostructure within a copper sample. The highly detailed 3-D imaging of mi- 
crostructural changes obtained in this study will help improve predictive 
modeling of shock loading, leading to materials capable of better withstanding 
specific shock loading conditions. 
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Fig. 1. A schematic of how the SNO-electrolyte fuel cell works. At the catalytic Pt anode, hydrogen 
molecules dissociate into protons and donate electrons to nickel in SNO. The electron doping process 
creates a Mott insulating state in the hydrogenated region, where electrons are localized. On the 
other hand, protons can still diffuse through the crystal. As a result, electrons are forced to pass 


through the external circuit and generate electrical power. 


The researchers from Harvard Uni- 
versity, Argonne, Rensselaer Polytech- 
nic Institute, SiEnergy Systems, and 
Purdue University constructed nine 
free-standing micro-fabricated SOFCs 
using samarium nickelate (S8mNiO;) 
(SNO) as the electrolyte (Fig. 2), even 
though it is a good conductor of elec- 
trons. SNO proved ideal because when 
hydrogen fuel is introduced at the 
anode of the fuel cells, hydrogen mole- 
cules dissociate into protons and elec- 
trons, creating a hydrogenated form of 
SNO (H-SNO) on the anode side that is 
electrically insulating. Once this insulat- 
ing layer is formed, protons can con- 
tinue to diffuse through the H-SNO 
electrolyte as long as hydrogen fuel 
continues to flow, with the electrons 
from the disassociated hydrogen mole- 
cules that are not involved in doping 
being forced to travel through the exter- 
nal electrical circuit powered by the 
SOFC. The H-SNO electrolyte not only 
showed extremely high ionic conductiv- 
ity, its activation energy was very low, 
making it suitable for low-temperature 
fuel cell operation. 

Several factors may collectively 
lead to the high ionic conductivity and 
low activation energy in SNO. The re- 
searchers theorized that when the hy- 
drogen molecules dissociate, they dope 
Ni?* ions in the SNO with some of their 
electrons, reducing them to Ni?* ions, 
thereby forming insulating H-SNO on 
the anode side. To confirm the electron 
localization mechanism during fuel cell 
operation and to reveal the underlying 
reasons for the high ionic conductivity, 
both chemical and structural characteri- 
zations of the SNO hydrogenation 
process were performed. X-ray absorp- 
tion near-edge spectroscopy (XANES) 
measurements of the nickel K-edge 
from pristine and hydrogenated SNO 
samples were conducted at XSD 
beamline 12-BM-B, at the APS, while x- 
ray diffraction measurements were 
made at XSD beamline 12-ID-C,D. 

A substantial shift of the absorption 
edge to a lower energy was observed 





Fig. 2. An array of nine micro-fabricated fuel cells. 


upon hydrogenation. The energies of 
the absorption edge and other features 
were consistent with a valence change 
to Ni?* in SNO. The change of Ni va- 
lence state also verified that hydrogen 
exists as protons in H SNO. The angle- 
resolved XANES spectra additionally 
showed that proton incorporation not 
only happens at the surface but also 
throughout the H-SNO film. The syn- 
chrotron x-ray diffraction studies sug- 
gested that the SNO lattice expands 
during hydrogenation to accommodate 
proton transport. 

The successful electron doping 
strategy establishes a new direction for 
the development of high-performance 
proton-conducting electrolytes for low- 
temperature SOFCs. — Vic Comello 
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IMPROVING THE BRAIDS THAT BIND 
URANIUM FROM SEAWATER 


uclear power is one of the best ways currently available to supply clean, base- 
load electric power to the U.S. over the long term. But reserves of good uranium 
ore to fuel those plants are diminishing. By 2100 there will not be enough re- 
coverable uranium left in terrestrial mines to meet the demands of existing power plants. 
However, if we cannot mine uranium on land, we may be able to sift it from the sea: The 
oceans contain huge reserves of uranium dissolved in seawater. State-of-the-art polymer 
fabrics soaked in seawater can recover 7 to 8 grams of uranium over a span of 30 days. Re- 
searchers trying to improve that fabric used the APS to inspect how uranium binds to the 
polymer at the molecular level. The results were surprisingly different than what scientists 
thought was going on, and open new possibilities for improving uranium recovery. 
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The polymer fabric's uranium 
catcher is a molecule called ami- 
doxime. Amidoxime finds and binds 
uranium, sucking it out of seawater 
even at the extremely dilute concentra- 
tion of 3.3 parts per billion that are nor- 
mal in the open ocean. Researchers 
understood how amidoxime works 
when it is just a small molecule, but 
they did not know what happened when 
amidoxime molecules were integrated 
within a ropy, braided polymer fabric 
and exposed to ocean water. For ex- 
ample, other elements such as copper 
and vanadium may also be attracted by 
the binding sites. Unlike uranium, these 
other elements are important to ocean 
biology, and removing them from sea- 
water could degrade the environment. 
In addition, they could occupy binding 
spots that would otherwise catch more 
uranium. 

The team of researchers from The 
University of Chicago and Oak Ridge 
National Laboratory (ORNL) used x-ray 
absorption fine structure (XAFS) analy- 
sis at the Materials Research Collabo- 
rative Access Team 10-BM-A,B x-ray 
beamline at the APS, supplemented by 
pair distribution function (PDF) meas- 
urements obtained at XSD beamline 
11-ID-B, also at the APS, to get a better 
picture of what was happening. The re- 
search group chose the APS for the 
quality of its high-energy x-rays, and 
the 10-BM and 11-ID beamlines be- 
cause of their excellent beamline scien- 
tists. Not only do these personnel have 
experience working with radiological 
materials and can measure at the ener- 
gies the experiment requires, but they 
always make sure the optics and detec- 
tors are well configured and able to col- 
lect high-quality data, according to the 
lead investigator. 

XAFS reveals the oxidation state 
and local atomic environment of ura- 
nium (or any number of other metals) 


< Fig. 1. The image shows the theoretical 
EXAFS paths that would fit the data gathered 
at beamline 10-BM, as well as the atomic 
arrangements of elements that would generate 


those paths. 


by hitting the sample with x-rays that 
will only be absorbed by the element of 
interest. The x-rays excite the elec- 
trons closest to the nucleus to higher 
energies, and the electrons then scatter 
off of adjacent atoms before returning 
to fill their original place. This scatter- 
ing subtly changes the amount of x- 
rays absorbed, creating a spectrum 
which hints as to what atoms surround 
the uranium. As each element absorbs 
x-rays of different energies, XAFS can 
infer how different metals are bound on 
the same sample. In contrast, PDF 
measurements investigate the distance 
between atoms by measuring the dif- 
fraction of the x-rays. While not capa- 
ble of discriminating between different 
elements, it is particularly useful for 
non-crystalline samples, such as the 
adsorbents investigated in this study. 
The group was able to use XAFS to an- 
alyze uranium bound to both ami- 
doxime polymers and in small molecule 
amidoxime crystals. 

The results surprised them. Some- 
thing significantly different was happen- 
ing in the seawater-soaked polymer. 
The uranium bound to the amidoxime 
polymer in a distinctive way, not the 
way it bound to the small molecule ami- 
doxime. In fact, it looked as if another 
atom such as vanadium, copper, or 
nickel might be bonding to the polymer 
in a manner that changed the atomic 
arrangement of the uranium binding 
site. 

When the team compared their ex- 
perimental results to computational 
models for different uranium-amidoxime 
bonding configurations, the closest 
match to the experimental XAFS spec- 
trum was higher in energy (and there- 
fore previously unexpected, Fig. 1). 
This led the scientists to propose that 
the structure of the polymer and its in- 
teraction with other metals in seawater 
dictates how the uranium is actually 
bound, rather than the chemical inter- 
actions that dominate with small mole- 
cules. This is a fundamental shift in 
how researchers conceptualize the way 
metals and polymers interact. 

The researchers must do further 


experiments to better understand how 
the polymer structure can be changed 
to enhance uranium binding. Their goal 
is to design a better polymer with more 
available spaces that are uniquely at- 
tractive to uranium, bringing uranium 
harvesting from the oceans closer to 
commercial reality. — Kim Krieger 
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ELECTRODES DISTORT THE PROPERTIES OF 
QUANTUM WELLS 


oday's most advanced microprocessors could be vastly outperformed in some important 

computational problems by quantum computers. Instead of switching current flow on and 

off to create the 1s and Os of binary code, quantum computers rely on quantum me- 
chanical properties of electrons, such as orbital state and spin. To make this happen, engineers 
have to develop quantum bits, or qubits, which they can reliably and predictably control; however, 
this has been a challenging task. Now, a team of researchers using the APS and the Center for 
Nanoscale Materials (CNM) at Argonne have revealed one issue that makes building such qubits 
so difficult. Armed with this information, the researchers hope engineers will be better able to pre- 
dict the performance of their devices based on the stress from the electrodes, and perhaps alter their 
designs to compensate for it. It might even be possible to take advantage of the strain in designing 
the quantum dots, modifying it to change the electronic properties of the material. Gaining greater 
control over the electronic properties of the material may also allow researchers to create arrays of 
qubits with complicated structures to help them better understand the physics of confined electrons. 









(a) Pd fluorescence Lattice tilt (deg.) 
Lattice tilt 300 900 -0.03 0.03 
EN  —  ] 
(deg.) 
0.1 (c) 





0 





:0.1 


ENS 

P 

One 
0 


Far from electrode Simulation At electrode 





Fig. 1. The palladium electrode on top of a quantum well device causes the device’s crystal 
lattice to tilt (a-c). Researchers compare experimental (d) and simulated (e) diffraction pat- 
terns from an un-tilted region far from the electrode with the diffraction pattern from a re- 


gion near the electrode (f) to measure the distortion. 


One method for making qubits in- 
volves creating quantum dots, which 
are tiny volumes of a semiconductor 
that can trap a single electron in a 
space known as a "quantum well." Re- 
searchers create a device with a thin 
film of silicon, sandwiched between two 
thicker films of a silicon-germanium 
alloy. In the particular structure probed 
at the joint APS/CNM Hard X-Ray 
Nanoprobe at APS beamline 26-ID-C, 
these layers had thicknesses of 10, 91, 
and 300 nm. The researchers from the 
University of Wisconsin-Madison and 
Argonne capped the stack with a thin 
silicon layer and above it created a pat- 
tern of thin-film electrodes made of a 
metal such as palladium in order to set 
the location of the quantum well. The 
electric fields produced by the elec- 
trodes pushed electrons away, leaving 
only small spaces within the quantum 
well where the electrons could be con- 
fined—trapped at the interface between 
the silicon and the silicon-germanium. 
These locations are the quantum dots. 

Working at such scales, tiny imper- 
fections such as stresses induced by 
random variations in how the silicon- 
germanium crystal grows can throw off 
the properties of the device, making its 
performance difficult to predict. The 
variability produces mechanical strain in 
the devices, which changes how elec- 
trons move through the quantum wells. 
As a result, the engineers cannot tell 
what voltage will be needed to confine 
an electron in a given quantum dot, so 
they try out several until they hit the 
sweet spot. Not only is that an ineffi- 
cient way to design a device, but the in- 
teractions among several electrodes 
may make it impossible to attain the 
right voltage for every qubit, rendering 
some of them useless. How much and 
how fast the strain changes across the 
device may also affect the quantum 
state of the confined electrons. 

Engineers had not known much 
about the source of these distortions, 
magnitude, or impact of the distortions 
until these researchers used the Hard 
X-Ray Nanoprobe to measure them. 
The researchers developed a method 
using x-ray nanobeam diffraction to 
measure variations in strain over small 
areas in thin films. Applying it to the 
qubits, they discovered the major 


source of mechanical distortion was the 
stress created by the metal electrode 
on top of the device. The effect was sig- 
nificant. The shift in the energy level 
caused by the stress from the electrode 
was about the same as the energy re- 
quired to move the electron into or out 
of the quantum dot. That means not 
only would engineers need to compen- 
sate for the effect of the strain, they 
also couldn't know how to bias the elec- 
trode. — Neil Savage 
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Defining the Quantum Computer 

The Turing machine, developed by Alan Turing 
in the 1930s, is a theoretical device that consists 
of tape of unlimited length that is divided into 
little squares. Each square can either hold a sym- 
bol (1 or O) or be left blank. A read-write de- 
vice reads these symbols and blanks, which gives 
the machine its instructions to perform a certain 
program. In a quantum Turing machine, the dif- 
ference is that the tape exists in a quantum state, 
as does the read-write head. This means that the 
symbols on the tape can be either O or 1 or a su- 
perposition of O and 1; in other words the sym- 
bols are both O and 1 (and all points in 
between) at the same time. While a normal Tur- 
ing machine can only perform one calculation at 
a time, a quantum Turing machine can perform 
many calculations at once. 

Today's computers, like a Turing machine, work 
by manipulating bits that exist in one of two 
states: a O or a 1. Quantum computers aren't lim- 
ited to two states; they encode information as 
quantum bits, or qubits, which can exist in super- 
position. Qubits represent atoms, ions, photons 
or electrons and their respective control devices 
that are working together to act as computer 
memory and a processor. Because a quantum 
computer can contain these multiple states si- 
multaneously, it has the potential to be millions of 
times more powerful than today's most powerful 
supercomputers. 

This superposition of qubits is what gives quan- 
tum computers their inherent parallelism. Ac- 
cording to physicist David Deutsch, this 
parallelism allows a quantum computer to work 
on a million computations at once, while a desk- 
top PC works on one. A 30-qubit quantum com- 
puter would equal the processing power of a 
conventional computer that could run at 10 ter- 
aflops (trillions of floating-point operations per 
second). Today's typical desktop computers run 
at speeds measured in gigaflops (billions of 
floating-point operations per second). 
Quantum computers also utilize another aspect 
of quantum mechanics known as entanglement. 
One problem with the idea of quantum comput- 
ers is that if you try to look at the subatomic par- 
ticles, you could bump them, and thereby change 
their value. If you look at a qubit in superposition 
to determine its value, the qubit will assume the 
value of either O or 1, but not both (effectively 
turning your spiffy quantum computer into a 
mundane digital computer). To make a practical 
quantum computer, scientists have to devise ways 
of making measurements indirectly to preserve 
the system's integrity. Entanglement provides a 
potential answer. In quantum physics, if you 
apply an outside force to two atoms, it can cause 
them to become entangled, and the second atom 
can take on the properties of the first atom. So 
if left alone, an atom will spin in all directions. 
The instant it is disturbed it chooses one spin, or 
one value; and at the same time, the second en- 
tangled atom will choose an opposite spin, or 
value. This allows scientists to know the value of 


the qubits without actually looking at them. 
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AN ABUNDANT ALTERNATIVE TO 
LITHIUM-ION BATTERIES 


ost of us walk around with a lithium-ion battery in our pocket, 

thanks to these battery’s ubiquity in cell phones and other 

portable devices. But the lithium in these ubiquitous power 
sources is limited to that which can be extracted from the Earth's crust. The 
growing demand for lithium-ion batteries for electric vehicles and other portable 
devices may place a strain on global reserves in the coming decades. Sodium 
(Na) is abundant compared to lithium and shares the same charge, spurring re- 
search into the feasibility of sodium-ion batteries. Toward this goal, researchers 
interrogated the sodiation (addition of sodium) and (de)sodiation (removal of 
sodium) of alpha-MnO, nanowires with experiments at the APS. Their insights 
into the differences between (de)sodiation and (de)lithiation of the nanowires 


may guide the development of better sodium batteries in the future. 


The basic concept of lithium-ion 
batteries is that the lithium ion moves 
from the negative electrode to the posi- 
tive electrode during discharge and 
back during charging. The concept 
would be similar for sodium-ion batter- 
ies, but the materials selected for the 
electrodes may need to be different to 
accommodate the larger size of the 
sodium ion compared to the lithium ion, 
among other considerations. In the cur- 
rent study, researchers from Michigan 
Technological University, Argonne, 
Shandong University (China), and the 
University of Illinois at Chicago evalu- 
ated sodium ion insertion in manganese 
oxide (MnO,) nanowires, which previ- 
ous studies suggested could accommo- 
date sodium's ions. However, those 
studies also found that, while the initial 
discharge capacity was as high as 350 
mAh/g, over multiple charge-discharge 
cycles that capacity diminished sub- 
stantially, to below 100 mAh/g at 100 
cycles. 

To better understand this loss in 
Capacity, and develop approaches to 
maintain capacity over cycling, the re- 
searchers explored the character of the 
manganese oxide nanowire host mate- 
rial over (de)sodiation cycles using two 
complementary methods: transmission 
electron microscopy (TEM) and x-ray 
absorption spectroscopy (XAS). TEM 
allowed the researchers to structurally 
characterize the nanowires, while XAS 


provides information on the valence 
state of manganese. 

As a first step, the researchers took 
TEM images of the pristine manganese 
oxide nanowire. The wire had a roughly 
uniform 60-nm diameter, with a square- 
shaped cross section and a substruc- 
ture consisting of a matrix of tunnels 
with manganese walls and potassium 
(K) ions dotted along each tunnel's cen- 
tral channel. During the formation of the 
tunnel structure, the K ions had been 
trapped inside. 

Next, they added various concen- 
trations of sodium to the nanowires to 
observe the effects of different degrees 
of sodiation on the nanowire structure. 
The tunnel lattice did become increas- 
ingly distorted with higher levels of sodi- 
ation and in the heavily sodiated 
nanowire, the tunneled structure be- 
came completely degraded. The re- 
searchers also observed what hap- 
pened during sodiation/(de)sodiation 
cycling: Upon sodiation, the nanowire 
swelled radially, increasing in diameter 
by about 50%; upon (de)sodiation, the 
nanowire contracted by only about 
15%, though in the following cycles the 
radial changes were limited to within 
20%. After five cycles, no cracks or 
fractures in the nanowire were ob- 
served, suggesting good reversibility of 
the nanostructures. 

To study the mechanism of cycling 
stability and the voltage profile for the 





Fig. 1. TEM image showing atomic tunnel- 


based structure of alpha-MnO2 nanowire, fea- 
turing large 4.6X4.6 angstrom tunnels. The 
atomic model is given in the inset. 


Scale bar: 1nm 


(de) sodiation process of MnO, nanowi,Cres, the researchers 
collected XAS data at the XSD 9-BM-B,C x-ray beamline at 
the APS during battery cycling. Initially, the battery boasted a 
discharge capacity of 300 mAh/g, which plummeted to 50 
mAh/g after 50 cycles. As far as the valence state, the XAS 
spectra of pristine nanowires showed manganese largely in 
the 4+ state. After discharge, the manganese oxidation state 
drops to - 3+. Charging the nanowire again failed to get the 
manganese back up to 4+. This inability to recover man- 
ganese's pristine oxidation state may be one reason that the 
cycling is nonreversible and may be explained by the residual 
Na+ that remains in the nanowire despite full discharging, as 
suggested by the TEM data. 

The fact that MnO, tunnels cannot survive after the volt- 
age drops below 1.5 V and Mn is reduced to below 3.5+ led 
the researchers to come up with a method to maintain the 
tunnel stability by controlling the cycling voltage window of a 
Na/MnO, battery, which is actually to keep the Mn valence 
above 3.5* with the tunnel-based MnO, structure staying sta- 
ble. Figure 1 shows the results of a Na/MnO, battery being 
cycled between 4-0.5 V, 4-1.0 V, and 4-1.5 V. It apparently 
shows that the capacity retention is much better when the 
voltage is controlled at 4- 1.5 V range, while the other two 
ranges make the battery degrade quickly during cycling. 

As a final test, the researchers observed how lithium ions 
treated the manganese oxide nanowires over electrochemical 
cycling. Unlike the tunnel destruction observed with sodiation, 
lithiation caused little disruption in tunnel structure, likely ow- 
ing to its smaller ionic size. 

With additional structural engineering and chemical mod- 
ification based on the findings in this study, the electrochemi- 
cal performance of sodium batteries may be enhanced in fu- 
ture experiments. — Erika Gebel Berg 
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ELECTRODE OPTIONS FOR 
LITHIUM-ION BATTERIES 
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Fig. 1. Two types of battery anodes are compared. On the left, a pure tin anode is represented by a 
relatively large crystal nanoparticle (top). During the first lithiation, lithium ions (shown in green) begin 
to alloy with the tin atoms, as evidenced by a decrease in the Sn-Sn metal peak in the x-ray absorp- 
tion spectrum (middle). But the peaks do not completely disappear, implying that the lithium is unable 
to penetrate to the core of the nanoparticle (bottom). By contrast, the right side shows a tin oxide 
anode. In this case, the first lithiation converts tin oxide into small tin nanoparticles, surrounded by 
lithium oxide. The smaller size means lithium reaches nearly all the available tin atoms. The proof of 


this is the near disappearance of the Sn-Sn metal peak in the x-ray absorption spectrum. Image: 


Christopher Pelliccione 
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ithium-ion batteries power many of the electronic devices that we've 
come to depend on. But these storage devices will need an upgrade 
for use in electric cars, where the battery's large weight undermines 
the energy efficiency. One place for improvement is in the anodes (or negative 
electrodes) that store lithium ions during charge up. Experiments performed 
at the APS have investigated high-capacity, tin-based anodes using x-ray ab- 
sorption spectroscopy. The observations track structural changes within tin 
nanostructures, revealing why these anodes often fail after multiple uses. 
These results provide clues to engineers trying to design a battery that can 


drive us into the future. 


The majority of lithium-ion batter- 
ies use carbon-based materials for 
their anode. In the case of a cell phone 
or laptop, carbon can store a sufficient 
amount of lithium ions, but increasing 
capacity will require new materials. 
One option has been tin, which can 
store three times more lithium charges 
per mass—thus reducing the overall 
weight of the battery. The typical design 
of a tin-based anode consists of a large 
number of tin nanoparticles embedded 
in a conductive support medium. As 
the battery is charged, lithium ions dif- 
fuse into the tin nanoparticles. Each tin 
atom can bind with as many as four 
lithium ions. But this high capacity 
poses a problem as the nanoparticles 
swell in size. The volume expansion 
can cause structural damage within the 
anode, eventually leading to broken 
electronic contacts and a dead battery. 

One strategy for improving tin- 
based anodes is to use tin oxide 
(SnO,) rather than pure tin (Sn metal). 
Tests have shown that tin oxide anodes 
have greater longevity, but the key to 
this longer life is not completely under- 
stood. Researchers from the lllinois In- 
stitute of Technology and Argonne per- 
formed experiments on tin and 
tin-oxide anodes at the MR-CAT 10-ID- 
B beamline at the APS. This beamline 
provides high-energy x-rays (29.2 keV) 
capable of exciting the K-edge of tin. 

The researchers collected spectra 
for both x-ray absorption near-edge 
structure (XANES) and x-ray absorp- 
tion fine structure (EXAFS) studies. 
The XANES data reveal the electronic 
state of an absorbing tin atom, whereas 
the EXAFS observations provide infor- 
mation about the surrounding atomic 


structure. The team applied models to 
their absorption spectra, which re- 
vealed whether the tin atoms were in a 
metallic state (Sn-Sn bonds), an oxide 
state (Sn-O bonds), or in a lithium alloy 
phase (Sn-Li bonds). The ability to ob- 
serve lithium—through its bonding to 
tin—was a unique feature of this study, 
as normally lithium is too light to give 
an x-ray signal. 

The team began with pristine 
(never-before-used) anodes and ob- 
served the structural changes during 
the initial lithiation, when lithium ions 
diffuse into the anode. For the pure tin 
case, they found that a fraction of the 
tin atoms remained in the metallic 
state, never alloying with lithium (Fig. 
1). A possible explanation is that lithium 
atoms collect on the outer shell of tin 
nanoparticles, preventing other lithium 
ions from reaching the core. Volume 
expansion causes a break between the 
core and shell, which reduces the elec- 
trical conductivity within the anode. An 
indication of this structural damage was 
found in a reduction in the number of 
lithium neighbors after multiple charg- 
ing-discharging cycles. 

The situation was different for the 
tin-oxide anode. During the first lithia- 
tion, the tin oxide transforms into metal- 
lic tin surrounded by lithium oxide. The 
metallic tin collects into crystalline 
nanoparticles, but the lithium oxide acts 
as a structural buffer that prevents the 
nanoparticles from growing too large. 
The team estimated that the nanoparti- 
cles in a tin-oxide anode are only a few 
atoms in size, as compared to 100 
nanometers across in the pure-tin an- 
ode. The smaller nanoparticle size and 
lithium oxide barrier help prevent struc- 


tural damage and electrical disconnec- 
tions. This explains why the tin oxide 
anode showed better reversibility after 
multiple charges. 

However, the tin oxide anode is 
not without its own problems. Despite 
its benefit to structural stability, the 
lithium oxide envelope has the down- 
side of decreasing the rate of lithium 
diffusion. This slow diffusion explains 
why the researchers only recorded 8 
lithium neighbors for each tin atom, 
when the maximum number is 14. Fur- 
ther work with tin-based compounds 
will hopefully find a compromise that af- 
fords a structural stabilizing buffer with- 
out impeding lithium ion diffusion. 

— Michael Schirber 
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BUILDING BETTER BATTERIES WITH 


SELENIUM AND SULFUR 


ithium-ion batteries are ubiquitous, powering most smart phones, 

electric cars, and implantable medical devices. The batteries have 

their drawbacks though, such as high cost, limited energy storage 
capacity, and toxicity. To develop better batteries, researchers are looking into 
selenium (Se)-sulfur (S) batteries, which may someday offer a lower cost, higher 
energy density alternative to lithium ion batteries. Currently, selenium-based 
batteries still have a long way to go to match lithium-ion batteries as far as their 
ability to be charged and discharged over and over without losing their storage 
capacity. To figure out the capacity fading mechanism of selenium-based bat- 
teries over multiple charge/discharge cycles, researchers studied their proper- 
ties utilizing the high-energy, highly penetrating x-ray beams from the APS. Their 
insights may help researchers design selenium-based batteries that can be end- 


lessly recharged. 
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Fig. 1. Two-dimensional contour plots of in situ 
XANES data of Se,S,/MPC cathode at 0.2 C 
for the first electrochemical cycle (left) versus 
the second cycle (right), showing a distinctive 


change and loss of reversibility. 


First, the researchers from Argonne 
National Laboratory, the University of 
Rochester, the University of Maryland, 
and Central Michigan University built a 
selenium/sulfur-based cathode. They 
embedded amorphous selenium-sulfur 
Se,S, in a micro/mesoporous carbon 
(MPC) matrix, as earlier work sug- 
gested that it was important to constrain 
the selenium-sulfur compounds to limit 
the dissolution of lithium polyselenides, 
leading to a continuous loss of the ac- 
tive material as well as the round trip 
energy efficiency. The Se,S;/MPC com- 
posite was prepared using modified va- 
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porization condensation, leaving the 
MPC with a 2-nm pore size to enhance 
confinement of polyselenides. 

To gain insight into the electro- 
chemical behavior of Se;S;/MPC in an 
ether-based electrolyte, which in prior 
experiments enhanced the redox reac- 
tion, the researchers brought the com- 
posite to the XSD 20-BM-B x-ray beam- 
line at the APS. There, they carried out 
in situ x-ray absorption near edge spec- 
troscopy selenium K-edge (XANES) us- 
ing the transmission mode of the beam- 
line. A cycling device was employed to 
charge and discharge the cell, using a 
constant rate of 0.2 C between 0.8 V 
and 4.0 V. Unlike x-ray crystallography, 
which relies on a regular crystalline 
structure, XANES reveals the average 
chemical environment of the material, 
regardless of phase, making it ideal for 





studying an amorphous substrate 
(Fig.1). 

The x-ray absorption data set from 
the first redox cycle showed a symmet- 
ric shape, suggesting that the reaction 
proceeded reversibly. The Se K-edge 
XANES spectra for the Se,S;/MPC be- 
fore charging matched the spectra of 
selenium powder, while the spectra af- 
ter the first discharge matched that of 
Li,Se, indicating that this product had 
formed. This finding was confirmed by 
ex situ high-energy x-ray diffraction ex- 
periments on this first discharged prod- 
uct, carried out on the XSD 11-ID-C 
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beamline at the APS. (Small-angle x-ray 
scattering data were collected at XSD 
beamline 12-ID-B of the APS to further 
characterize the material.) 

Next, the researchers performed a 
second cycle, again tracking the sele- 
nium spectrum with XANES. The sec- 
ond cycle spectra looked significantly 
different from that of the first cycle, in- 
dicating an incomplete reduction of the 
Se component to form Li,Se. Even at 
the end of the second discharge, the 
Se K-edge for Se and Li,Se can both 
be observed, indicating a decreased 
(de)lithiation reversibility. The data in- 
dicates that, while Se S, remains con- 
fined to MPC, the reversibility of the re- 
action is compromised. 

To further evaluate the electro- 
chemical performance of Se;S;/MPC, 

"Selenium" cont'd. on page 66 


GETTING THE MOST OUT or 
MULTICRYSTALLINE SILICON 


olar cells are one of a broad range of energy sources that contribute 
to our nation's energy independence. They are an effective, scalable 
way to transform an abundant resource—sunlight—into electricity. 
But solar technologies, also known as photovoltaics, still have significant po- 
tential for improvement. For example, the multicrystalline silicon wafers used 
for photovoltaics are often contaminated with trace amounts of metals that 
clump together, interfering with the movement of electrons through the silicon 
crystal and reducing the amount of electricity the solar cell can produce from 
a given amount of sunlight. Gettering, a process that removes unwanted im- 
purities by encouraging them to move to less disruptive locations, is known to 
dissolve clusters of metal atoms and move the resulting defects to less detri- 
mental places in p-type multicrystalline silicon, the dominant technology in the 
solar marketplace. Researchers used the APS to show that gettering works in 
the same way on n-type multicrystalline silicon. N-type materials are not com- 
monly used right now, but theory suggests they should be less sensitive to 
some common trace impurities such as iron. Demonstrating that gettering is an 
effective technique to further raise n-type microcrystalline silicon efficiencies 
may help deliver to the market the next generation of cost-effective and high- 
performing photovoltaic technology. 
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Fig. 1. Micro-XRF maps of iron clusters (yellow dots) in n-type microcrystalline silicon before (upper 
row) and after (lower row) gettering to 820 (left), 880, or 920 (right) degrees Celsius. As the tem- 
perature increases, more iron dissolves, improving electrical efficiency. From A.E. Morishige et al., 
Appl. Phys. Lett. 108, 202104 (2016). O 2017 AIP Publishing LLC 


are the p-type materials. N-type materi- 
als, which have more electrons than 
holes, are less well understood but 
have the potential to be more efficient. 

Researchers at MIT, Supreme, Inc., 
the University of California, San Diego, 
and Argonne used the APS to examine 
how detrimental trace metals are to n- 
type materials during the solar cell man- 
ufacturing process. They used micro-x- 
ray fluorescence spectroscopy 


When sunlight hits a solar cell 
some of the light is absorbed by elec- 
trons in the material. The electrons get 
excited and abandon their atoms to 
travel through the solar cell and create 
an electrical current. The spots aban- 
doned by the electrons are positively 
charged holes, which can also travel 
and create a current. Most photo- 
voltaics used today are designed to 
have more holes than electrons. These 
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(micro-XRF) to map clumps of iron 
atoms in samples cut from n-type mi- 
crocrystalline silicon wafers (Fig. 1). 
They also looked at how large the 
clumps were both before and after get- 
tering. In this case, gettering involved 
heating the solar cells for 1 hour to 1 of 
3 different temperatures, 820, 880, or 
920°C. “Silicon” cont’d. on page 66 


PUTTING A COAT ON A HOT TURBINE 
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as turbine engines get really, really hot. A typical gas turbine en- 

gine runs more than 10 times hotter than a normal car engine. 

Gas turbines need to run at these high temperatures though, be- 
cause whether they're flying planes through the air or generating electricity 
on the ground, the hotter the engine runs, the more efficient it is. High oper- 
ating temperatures introduce a unique set of challenges: Metals soften when 
they get too hot, weakening and deforming engine components; airborne par- 
ticulate matter gets sucked into engines and melts and sticks to the turbine, 
causing damage that can lead to engine failure. In an electrical generator, fail- 
ure can cause brownouts; in a plane, it can cost lives. So materials scientists 
search relentlessly for coatings that can better withstand the heat and air- 
borne dust. Researchers used the APS to investigate exactly what happens 
to one of those potential coatings, ytterbium disilicate, when in contact with air- 
borne particulates at 1350* C. The structural changes illuminated by the APS 
were critical to evaluating the quality of the ytterbium disilicate coating. While 
the material prevents damage to the underlying ceramic composite due to 
water vapor erosion, it would require additional barriers to protect it from par- 


ticulate matter in turbine engines. 


Most commercial gas turbines are 
currently made out of nickel-based su- 
peralloys. But these alloys are running 
into a wall; temperatures in the most ef- 
ficient engines are getting high enough 
to soften even the best of them. The 
next generation of turbine components 
will likely be made of ceramic-matrix 
composites. Ceramics are very hard 
and heat resistant, but can react with 
combustion products, like water vapor, 
as well as molten particulate matter. To 
protect them, they can be coated with 
less reactive substances. Ytterbium dis- 
ilicate (Yb5Si;O-) is one possible coat- 
ing. Initial tests showed that it stayed in- 
tact and relatively unscathed even in 
the presence of airborne dust at high 
temperatures. 


< Fig. 1. X-ray computed tomography recon- 
structed images of a Yb,Si,O;/mullite/ 
Si/(SiC/SiC) multilayer environmental barrier 
coating (EBC) after a 1-min heat treatment at 
1300* C. (a) Cross-section of the multi-layer 
EBC sample; cracks in the mullite interlayer are 
highlighted by white arrows. (b) Reconstructed 
image parallel to the EBC surface through the 
calcium-magnesium-aluminosilicates glass. Inset 
is a cross-section highlighting the approximate 
y-position of the cut. (c) Reconstructed image 
parallel to the EBC surface through the 
Yb,Si,O, topcoat. Inset is a cross-section high- 


lighting the approximate y-position of the cut. 


But scientists from Caltech, North- 
western University, and the Rolls-Royce 
Corporation wanted to know how ytter- 
bium disilicate would behave at the 
atomic level if exposed to dust during 
realistic operating conditions. First they 
took ytterbium disilicate and repeatedly 
heated it to 1350° C and imaged it to 
establish a baseline. They then took 
particulate matter, similar to what might 
be in the air after a volcanic eruption or 
to sand on the ground, and put it onto 
the ytterbium disilicate at 1350° C (Fig. 
1). They then compared what had hap- 
pened to the heated and particulate- 
coated ytterbium disilicate to any 
changes on the baseline that had only 
been heated. 

The researchers and colleagues 
from Argonne used three different tech- 
niques at XSD beamline 1-ID-B,C,E at 
the APS to image and analyze the ma- 
terial at atomic and nanometer scales. 
The beamline's extremely high x-ray 
energies allowed the researchers to 
send x-rays through a 1.5-mm-thick 
piece of material. There are very few 
places in the world besides the APS 
that can do that. Wide-angle scattering 
data showed how individual atoms were 
arranged in the ytterbium disilicate. This 
revealed small displacements in the 
crystal structure, much smaller than the 
atoms themselves, indicating how the 
material is strained and where failures 
are likely to occur. 


Small-angle scattering allowed the 
researchers to see structure at the 
nanometer scale, such as pores or the 
beginnings of cracks. And utilizing x-ray 
tomography, features at the micrometer 
scale, aS small as 2.5-um wide could be 
visualized (Fig. 1). Using the three tech- 
niques at this single beamline, the re- 
searchers were able to examine how 
particulate material damaged the mate- 
rial, from subtle distortions of the crystal 
structure to serious cracking. 

What the researchers found was 
that simple heating and cooling put only 
mild strain on ytterbium disilicate. How- 
ever, adding dust at high temperatures 
could seriously damage the coating. 
The particles appeared melted and 
filled pores in the ytterbium disilicate 
coating, stressing it and producing 
cracks. The longer the amount of time 
the coating spent in contact with the 
molten particles, the worse the damage 
became. With extensive damage, the 
protective, but stressed coating can 
separate from the ceramic composite 
underneath, which may lead to cata- 
strophic failure. — Kim Krieger 
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"Selenium" cont'd. from page 62 
the researchers charted the 
charge/discharge curves over 50 cy- 
cles. The initial charge capacity was 
found to be 1661.2 mA h g`. By the 
50th cycle, the discharge capacity was 
only 345.5 mA h g'!. The researchers 
attribute the poor performance over 
multiple cycles to the accumulation of 
highly soluble polyselenides, which 
can corrode the lithium anode as well 
as increase internal resistance. 
Polyselenide only becomes prob- 
lematic if it detaches from the carbon 
matrix, which was the researchers' next 
subject of investigation. They performed 
ab initio calculations to understand how 
the polyselenide interacts with the car- 
bon surface. They ran the simulation on 
different polyselenides—Li,Se, Li,Se,, 
and Li;Seg—to compare how tightly 
each species binds to the carbon sur- 
face. The longer the polyselenide 
chained, the more tightly it adhered to 
the carbon surface. The results suggest 
that cycling performance could be im- 
proved by altering the surface chemistry 
of the carbon to increase adherence of 
polyselenides. — Erika Gebel Berg 
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X-rays from the XSD 2-ID-D beam- 
line were shone onto the multicrystalline 
wafers both before and after gettering. 
The x-rays were energetic enough (10 
keV) to excite electrons from the inner 
orbitals of the iron atom impurities. 
These electrons jumped out of their or- 
bitals, and other electrons from the 
outer regions of the atoms fell into the 
vacated orbital spots. As they fell, the 
electrons gave off energy as fluorescent 
light. The spectrum of the fluorescence 
is characteristic of the energy differ- 
ences of the orbitals between which the 
electron jumped. It reveals the type of 
atom it comes from, in this case transi- 
tion metals including iron, nickel, cobalt, 
and copper. The researchers used the 
2-ID-D beamline because it had x-rays 
of the right energies, a long length of fo- 
cus so they could see into the depth of 
the wafer, and a smooth "on-the-fly" 
method of scanning, which made the 
experiment go much more quickly than 
typical step-by-step scanning. 

The research team found that the 
lowest gettering temperature dissolved 
28% of the clusters of iron impurities, 
and the 880° C fully dissolved 40% of 
the iron clusters. The highest tempera- 
ture, 920° C, dissolved all of the clus- 
ters enough to make them unde- 
tectable. 

The wafer-level results are promis- 
ing, but more work needs to be done to 
economically manufacture n-type mul- 
ticrystalline silicon solar cells. Rapid 
throughput is important in manufactur- 
ing, so shorter and lower-temperature 
processes may be economically favor- 
able, but longer processing can signifi- 
cantly improve wafer performance if 
done properly. The gettering process is 
also known to decrease efficiency in p- 
type cells if done for too long or at too 
hot a temperature. It is unknown to 
what degree the same effect happens 


in n-type materials. The researchers be- 
lieve that manufacturing wafers with dif- 
ferent processing times and tempera- 
tures and then measuring their 
efficiency in a full solar cell is an impor- 
tant next step. The only way to do this 
type of nanoscale-to-macroscale char- 
acterization is with synchrotrons such 
as APS. — Kim Krieger 
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IMPROVING THE DEVELOPMENT OF 
NEW MATERIALS FOR NUCLEAR ENERGY 


he development and use of new materials have improved safety and afford- 
ability in the aerospace and automotive industries. Scientists are working to 
apply similar principles to the development of new materials for nuclear energy 


in order to extend reactor lifetimes and increase accident tolerance. Materials utilized within 
reactors face a variety of challenges, including the critical ability to withstand high radia- 
tion at high temperatures. A team of university and U.S. national laboratory researchers 
working at the APS and other DOE facilities at Argonne developed and demonstrated pre- 
liminary results for a new technique for evaluating fuel and reactor materials. This tech- 
nique, which requires less time and expense than current techniques, involves irradiating 
potential materials with high-energy, atomic nucleus ions and then assessing the damage 
using synchrotron x-ray diffraction and electron microscopy. 
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Unlike alternative energy sources 
such as wind and solar, nuclear energy 
is neither intermittent nor variable. To 
provide this consistent energy, nuclear 
reactors are utilized to power turbine 
generators with the heat produced by 
the nuclear reactions of the fuel. But the 
structural materials of the reactor and 
the fuel itself must be able to withstand 
the high-temperature and high-pressure 
environment that occurs during the ra- 
dioactive decay or nuclear reaction of 
the fuel. Historically, testing new materi- 
als involves low irradiation dose rates 
over a long time and requires expensive 
precautions post-irradiation to handle 
the radioactive materials. To avoid 
these difficulties, the team from Ar- 
gonne and Northwestern University pro- 
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Fig. 1. The experimental setup for 
both steps of the new process to 
emulate and analyze the destruc- 
tive effects occurring within nuclear 
reactors: on top, the nucleon ion 
beam that irradiates the sample 
and, below, the x-ray beam which 


characterizes the damage. 


Stage FMI in Xe ion irradiated U-Mo fuel, 
characterized by high energy X-ray 





posed a two-step technique. Figure 1 
shows a cartoon diagram of the equip- 
ment used for irradiation and characteri- 
zation, as well as a picture of an irradi- 
ated fuel sample. The irradiation was 
performed at Argonne's ATLAS acceler- 
ator to simulate damage from high-en- 
ergy fission fragment ions, replicating 
the effects of years of reactor exposure 
in a matter of days at ATLAS. 

The team assessed two types of 
materials with this technique. The first 
was two variants of uranium-molybde- 
num fuel: U-7Mo, which is 7% molybde- 
num by weight, and U-10Mo, which is 
10% molybdenum by weight. Other re- 
searchers have investigated these fuels 
because they were developed to con- 

“Nuclear” cont’d. on page 69 
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THE WAY MAGNESIUM ALLOY 


agnesium alloys are strong and light, but difficult to forge and 
shape at room temperature for use as structural components. To 
understand better how the lattice structure of these materials 
responds to deformation, researchers conducted real-time x-ray imaging and 
diffraction of samples of a commercial magnesium alloy. As in previous, non- 
x-ray work, they found significantly different responses when the alloy was 
stressed parallel or perpendicular to the extrusion axis, but the x-ray data col- 
lected at the APS enabled them to understand the lattice behavior responsible 
for the differences. These findings should help device designers make better 





use of such alloys. 
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Fig.1. Left: Stress-strain curves (top) and strain-hardening rates (bottom) for magnesium alloy AZ31 


under parallel (blue) and perpendicular (red) loading. Right: Strain fields in the normal direction in- 


ferred from phase-contrast x-ray imaging at the times marked on the stress-strain curves. 


The widely used alloy AZ31 con- 
sists of magnesium with 3.1% alu- 
minum, 0.9% zinc, and 0.4% man- 
ganese. Like pure magnesium, it has a 
hexagonal close-packed structure, and 
the extrusion method by which it is 
made causes most grains within the 
metal to have their c-axes perpendicu- 
lar to the direction of extrusion. Previ- 
ous research has established that the 
strain-hardening rate and other proper- 
ties of AZ31 are anisotropic, the likely 
explanation being that dislocation mo- 
tion and twinning behave differently de- 
pending on the direction of strain with 
respect to the lattice orientation. How- 
ever, most studies of these effects have 


involved analysis of samples only after 
they were subjected to strain. 

A team of researchers from the 
University of Science and Technology of 
China, Southwest Jiaotong University, 
the Peac Institute of Multiscale Sci- 
ences in Chengdu, and Argonne Na- 
tional Laboratory performed a combina- 
tion of diagnostic methods to 
understand the anisotropic deformation 
of AZ31 in real time. They cut small 
slabs, measuring 2.6 x 2.0 x 1.0 mm, 
from a large block of the alloy, with the 
longest direction parallel to the extru- 
sion axis. The team built a miniature de- 
vice to record the stress-strain re- 
sponse of these slabs as they were put 


STRESSES 


under increasing loads, either parallel 
or perpendicular to the extrusion axis, in 
the XSD beamline 32-ID-B. As the tests 
proceeded, they recorded phase-con- 
trast imaging data and diffraction meas- 
urements. 

As in earlier studies, the re- 
searchers found a three-regime stress- 
strain curve that differed between the 
parallel and perpendicular loading di- 
rections. In both cases, the strain-hard- 
ening rate (the slope of the stress- 
strain) curve, started out high and fell 
until the strain reached a value of about 
0.04. For parallel loading, the strain- 
hardening rate then rose through the 
second regime, reached a maximum, 
then fell as the curve passed into the 
third regime. Under perpendicular load- 
ing, by contrast, the strain-hardening 
rate fell throughout the experiment, but 
with a sharp change of slope going from 
regime | to regime Il. 

X-ray imaging of the samples re- 
vealed changes in their grain structure 
as loading increased, from which the re- 
searchers inferred the changing strain 
field (Fig. 1). Under perpendicular 
stress, an initial elastic response was 
followed by continuous growth of local 
deformation, which steadily accumu- 
lated until the sample fractured. Under 
parallel stress, plastic deformation was 
seen in regime | of the response, but in 
regime II the strain field was seen to re- 
organize and become homogeneous, 
so that local concentrations of deforma- 
tion eased. Localized deformation be- 
gan to pile up again in regime III. 

The diffraction gave insight into the 
lattice changes corresponding to the dif- 
ferent deformation responses in the two 
stress direction. Samples under parallel 
loading showed clear indication of twin- 
ning in regime ll, and the researchers 
found that once twin formation began, it 
establishes a front that moved quickly 
through a sample. The team also con- 
ducted experiments in which they 
stopped loading at a certain point and 
performed “post-mortem” electron back- 
scatter diffraction studies, which con- 
firmed the existence of twins. 

Samples subjected to perpendicu- 
lar loading, on the other hand, >> 


«« showed very little evidence of twin- 
ning under stress. 

The researchers conclude that the 
response to stress in AZ31 is controlled 
by a competition between twinning and 
the formation and motion of disloca- 
tions. Under parallel loading, twinning is 
the dominant process in regime II, and 
by allowing reorientation of the lattice 
serves to homogenize accumulated 
strain. This has the effect of increasing 
the strain-hardening rate, since it mini- 
mizes further changes to the alloy’s 
structure as stress rises. In the case of 
perpendicular loading, twinning is much 
less common. The movement of dislo- 
cations, and their tendency to pile up at 
certain locations, makes the material 
more plastic and this decreases the 
strain-hardening rate. In regime lll, dis- 
location motion dominates for both 
stress orientations, and the samples 
soften to the point of fracture. 

Whether a high strain-hardening 
rate is good or bad depends on the use 
to which a material is being put. By ex- 
plaining the lattice characteristics that 
define AZ31's macroscopic response, 
the new research should help engi- 
neers optimize their use of this alloy. 

— David Lindley 
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vert high-performance research reac- 
tors to the use of low-enriched uranium, 
so these materials are of high interest 
to the research reactors community. 
The second material was HT9, a ferritic- 
martensitic steel to be used as fuel 
cladding material in advanced reactors. 
The U-7Mo was irradiated at ATLAS 
with 84-MeV Xe26+ ions and the U- 
10Mo was irradiated with 105-MeV 
Xe26+ ions. The HT9 samples were ir- 
radiated with 84-MeV Fe26+ ions. 

To assess the materials' response 
to the radiation, the samples were cut to 
reveal a cross section of the damage. 
Then the team used high-energy x-ray 
diffraction on the X-ray Science Division 
(XSD) 1-ID-B,C,E beamline and mi- 
crobeam Laue diffraction at the XSD 
34-ID-E beamline—both at the APS—to 
assess the damage. The APS and AT- 
LAS are DOE Office of Science user fa- 
cilities. 

They found lattice strain to a depth 
of approximately 6 um in the U-10M 
fuel sample. Assessing the damage to a 
sample of U-7Mo fuel utilizing scanning 
electron microscopy and transmission 
electron microscopy at Northwestern 
and at the Argonne IVEM-Tandem Fa- 
cility, a DOE Office of Nuclear Energy 
facility, the team also found build-up 
from the interaction between the fuel 
and its holding matrix, which is similar 
to what is found due to irradiation in a 
reactor and limits the performance of 
this type of fuel. 

The team obtained only preliminary 
results for the HT9. Based on the syn- 
chrotron x-ray diffraction data, peak ion 
damage occurred approximately 4 um 
beneath the sample's surface. How- 
ever, transmission electron microscopy 
results indicate the damage may have 
penetrated deeper. The lack of signifi- 
cant grain growth in the irradiated area 
indicates damage is mainly a function of 
an increase in crystallographic irregular- 
ities within the sample (an increase in 
dislocation density). 

The team's results allow them to 
conclude that irradiation by energetic 
ions coupled with synchrotron x-ray dif- 
fraction analysis is indeed a useful tech- 
nique for assessing the damage in- 
curred by nuclear fuels and structural 
materials, and should be used during 
the future development of new reactor 


materials. This new technique allows for 
spatially resolving the damage to reac- 
tor-related materials through use of an 
analogue for the conditions in the reac- 
tor environment, and should expedite 
the research and testing cycle of new 
materials for nuclear energy. 
Additionally, this work provides the 
technical basis for the XMAT (eXtreme 
MATerials) beamline for the proposed 
Advanced Photon Source Upgrade. 
This beamline is aimed at developing 
new and more capable radiation toler- 
ant materials for nuclear environments. 
— Mary Alexandra Agner 
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DESIGNING MORE-DURABLE MATERIALS 
WITH A 3-D-PRINTED TITANIUM ALLOY 


dditive manufacturing (AM), commonly known as three-dimen- 
sional (3-D) printing, has shown great potential for use in biomed- 
ical and aerospace industries to produce custom designed parts. 
One titanium alloy, Ti-6Al-4V, used in additive manufacturing has attracted in- 
terest for its tensile properties but exhibits unreliable fatigue properties. Re- 
searchers propose that the alloy's poor durability comes from the material's 
porosity. Now, using synchrotron x-ray microtomography (XCT) at the APS, a 
team of scientists has been able to examine this feature with excellent resolu- 
tion. Their findings reveal new details about how the gas pores form and may 
help manufacturers improve the materials' wear by adjusting their production 





processes. 





Fig. 1. (a) Reconstructed tomography slice 
showing large (50-Um diameter) internal 
porosity within the Ti-6Al-AV powder used to 
make the samples. (b) 3-D tomographic re- 
constructions displaying the effect of reducing 
speed function on the resulting porosity in the 
samples. Lower speed functions reduced both 
lack of fusion and gas porosity in the bulk but 
showed a concentration of gas porosity at the 


top surface at sufficiently low values. 


Commercial 3-D printing technolo- 
gies using computer-generated models 
to make materials layer by layer have 
become increasingly reliable over the 
last decade, but the products are still 
subject to occasional flaws and defects. 

One such flaw is low fatigue resist- 
ance, or the ability to withstand re- 
peated stress, which has been associ- 
ated with the presence of gas pores in 
the material. Manufacturers have ad- 





dressed this issue by applying a hot 
isostatic press treatment to the part, but 
this adds an extra step and has been 
known to decrease material strength, 
so materials engineers are interested in 
finding ways to reduce the formation of 
pores during manufacture. 

In this work, researchers from 
Carnegie Mellon University investigated 
an additive manufacturing system 
called electron-beam melting, in which 
an electron beam selectively melts spe- 
cific areas of an alloy powder bed and 
welds each successive layer together in 
a vacuum environment. Ti-6Al-AV is a 
popular material used for this method 
because of its strength, but suffers from 
variable fatigue properties due to the 
pores within the material. 

Generally, pores may form be- 
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tween insufficiently melted layers or 
from the atomization process used to 
generate the alloy powder. While previ- 
ous studies lacked the sensitivity to dis- 
tinguish the type of porosity, the re- 
searchers were able to focus on the 
latter type, known as trapped gas 
pores, using XCT. 

A total of 1500 radiographs were 
taken as a tiny sample rotated 180^ and 
were then processed to generate a 3-D 
model of the material's structure. The 
method allowed the researchers to 
measure features within the material to 
a resolution of 1.5 um. These experi- 
ments were performed at the XSD 2- 
BM-A,B beamline at the APS. 

The team performed the x-ray mi- 
crotomography experiments on five tita- 
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SEEKING A LESS-EXPENSIVE, SAFER MEANS 


OF TRAPPING NOBLE GASES 


eparating and trapping the noble gases xenon (Xe) and krypton (Kr) is of 

significant industrial and environmental interest. The common method for 

removing xenon and krypton from the air or recovering the gases from nu- 
clear fuel involves cooling entire gas streams to a temperature close to that of liquid 
nitrogen. Such cryogenic separation is energy intensive and expensive. In an at- 
tempt to develop a less-expensive, more efficient alternative, an international group 
of researchers working at the APS explored separating Xe and Kr with a recently 
characterized class of porous materials called hybrid ultra-microporous materials 
(HUMs). The scientists focused their efforts on two specific HUMs, called CRO- 
FOUR-1-Ni and CROFOUR-2-Ni. The researchers discovered that these porous nets 
offer unprecedented selectivity towards Xe. Computer modeling indicates that the se- 
lectivity of these nets is tuned by synergy between the size of their pores and the 
strong electrostatic forces afforded by CrO,* anions within the HUMs. 





Fig 1. Column packed with hybrid ultra-microp- 


orous materials (HUMs) used for the selective 


removal of xenon from air. As air passes 
through the column, xenon (blue dots) gets 
trapped in the micropores of the HUM mate- 
rial, while the other species continue through to 


the other end. 
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Xenon (Xe) and krypton (Kr) sepa- 
ration and adsorption—or binding—is 
of interest because these gases pres- 
ent either commercial value or an envi- 
ronmental threat. Xenon (Xe) gas is 
valuable owing to its application in 
commercial lighting, medical imaging 
and anesthesia. Also, radioactive Kr 
and Xe can be introduced to the atmos- 
phere during the recycling of nuclear 
fuels such as uranium and plutonium. 
While radioactive isotopes of Xe quickly 
decay to very low concentrations, ra- 
dioactive Kr has a half-life of more than 
10 years and therefore must be cap- 
tured and removed to prevent its un- 
controlled release into the atmosphere. 
Currently, these gases are sequestered 
using a laborious process called cryo- 
genic distillation, which requires the 


temperature of whole streams of gas to 
be brought far below the point that wa- 
ter freezes. 

A recent economic analysis of 
Xe/Kr separation by an international 
group of researchers from Pacific 
Northwest National Laboratory, Alexan- 
dria University (Egypt), the University of 
South Florida, Argonne, and the Univer- 
sity of Limerick (Ireland) suggested that 
materials called metal-organic frame- 
works (MOF) can efficiently separate 
the gases at room temperature and 
could be more cost effective than cryo- 
genic distillation in the context of nu- 
clear fuel reprocessing plants. MOFs 
are customizable net-like materials with 
pores inside that are so small that often 
only a single molecule can fit inside. 

"Noble" cont'd. on page 72 
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nium alloy samples that were made 
with varying melt pool areas, which re- 
lates to the speed function of the sys- 
tem and can be compared to the manu- 
facturers' suggested settings. The 
researchers found that, on average, the 
trapped gas pores were less than 10 
um in diameter and spherical in shape, 
which suggests that the gas was 
caught during solidification. Since the 
process is performed under a vacuum 
atmosphere, the gas is presumed to 
come from the metal alloy source. The 
pores were less prevalent as the manu- 
facture speed function was decreased. 
Also, as the melt pool area was de- 
creased below standard settings, the 
lack-of-fusion porosity (porosity caused 
by insufficient overlap of melt pools) in- 
creased dramatically. 

The team also found that larger 
pores were concentrated at the surface 
of the increased melt pool area sam- 
ples. The researchers suggest that re- 
melting the material with each addi- 
tional layer allows the gas to escape 
and explains the remaining pores at the 
surface. 

Overall, these results show that re- 
ducing the speed function in electron 
beam melting can greatly reduce 
trapped gas porosity in the material. 
However, large pores gathered at the 
surface still represent a challenge to fa- 
tigue strength, so the team plans to fur- 
ther explore the other manufacturing 
parameters and their effect on the ma- 
terial’s properties. — Tien Nguyen 
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When one gas species has a 
higher affinity for the pore walls than 
other gas species, MOFs separate 
gaseous mixtures by selectively adsorb- 
ing that particular gas. 

A new subclass of MOFs called hy- 
brid ultra-microporous materials 
(HUMs) has demonstrated unparalleled 
ability to capture molecular species, 
such as CO,, thanks to a combination 
of tunable pore size and strong electro- 
static forces afforded by the material's 
inorganic Cro,” anions. The re- 
searchers performed column break- 
through experiments at room tempera- 
ture to investigate the capacity of two 
HUM networks, CROFOUR-1-Ni and a 
new variant called CROFOUR-2-Ni, to 
separate and adsorb Xe. In these ex- 
periments, a mixture of gases is move 
down a column filled with either CRO- 
FOUR-1-Ni or CROFOUR-2-Ni, which 
selectively capture Xe (Fig. 1). The re- 
maining gases, including Kr, Ar, O5, No, 
and CO», pass through the column and 
are measured at the other end by a 
mass spectrometer in real time. The 
team found that CROFOUR-1-Ni and 
CROFOUR-2-Ni had higher adsorption 
levels and greater Xe/Kr selectivity than 
a wide variety of existing porous materi- 
als including other MOFs and activated 
carbon. 

The scientists then used x-ray 
power diffraction experiments, carried 
out at the XSD 17-BM-B beamline of 
the APS, to identify the binding sites of 
Xe and Kr adsorption in both HUMs. 
For these experiments, x-rays were di- 
rected at HUMs that had captured Xe or 
Kr. The patterns with which the x-rays 
bounced off the HUMs indicated exactly 
where Xe or Kr were bound. For both 
Xe and Kr, the binding site was located 
in the cage containing three CrOCrO,^ 


ions in proximity to each other. These 
measurements were in agreement with 
the group's molecular simulations. 
Knowing the binding site can potentially 
help the researchers design even more 
effective adsorptive materials in the fu- 
ture. 

In future experiments, the re- 
searchers plan to focus on systematic 
evaluation of the effect of pore size and 
functionality on the Xe/Kr adsorption 
performance of other microporous nets 
with the hope of discovering materials 
that can purify Xe even more efficiently 
and further drive down the cost of sepa- 
rating and adsorbing this gas industri- 
ally and environmentally relevant gas. 

— Chris Palmer 
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Sort MATERIALS & 
LIQUIDS 





Argonne physicist and APS beamline scientist Jan llavsky of the XSD Chemical & Ma- 
terials Science Group mounting a sample holder in the ultra-small-angle x-ray scatter- 
ing (USAXS) instrument at XSD beamline 9-ID-C. The USAXS instrument can deter- 
mine the size or structure of a sample's components across multiple length scales 
from angstroms (10-1? m) to about 20 um (109 m). 





any patients suffering from respiratory problems such as 

asthma experience quick and effective relief by inhaling med- 

ication present in a mist or spray. The most popular type of de- 
vice for delivering a measured amount of aerosolized medication is the 
metered-dose inhaler (MDI). Although MDIs are compact, inexpensive, and 
generally effective for delivering inhaled medications, many patients receive 
less than the optimum drug dose. In order to improve device performance, op- 
tical imaging and other techniques have been used to characterize how the 
spray is distributed. However, these traditional techniques provide only limited 
information about medication dispersion within the quickly-evolving spray 
plume, and cannot directly visualize the concentration of the drug. Now these 
limitations have been overcome by subjecting MDI sprays to x-ray fluores- 
cence spectroscopy (XFS), carried out at the XSD 7-BM-B beamline of the 
APS. In a series of experiments, the changing distribution of bromine (an ele- 
ment found in some common inhaler drugs) within MDI sprays was determined 
with millisecond precision. The team behind this research expects their ex- 
perimental findings will lead to improvements in the drug-delivery performance 
of metered-dose inhalers. 


Drug delivery from MDIs to the 
lungs can vary widely, from 40% to 
10% of the medication present in each 
spray. Two factors are chiefly responsi- 
ble for patients receiving low drug 
doses: incorrect operation of the de- 
vice, and less-than-optimum perform- 
ance of the MDI device itself. Device 
performance is directly related to how 
the drug is distributed within the spray; 
for instance, drug concentration may be 
higher in one region of the spray plume 
than another, potentially impeding drug 
delivery to the lungs. Understanding 
how the medication is precipitated, con- 
centrated, and distributed within MDI 


sprays is therefore essential to improv- 
ing their performance. 

Many techniques have been em- 
ployed to characterize MDI sprays. 
High-speed optical imaging methods, 
e.g., Schlieren photography and shad- 
owgraphs, measure the expansion of 
the spray plume and its rapidly-chang- 
ing density variations. However, these 
methods cannot differentiate the med- 
ication from the spray's propellant. Al- 
though other diagnostic tools (e.g., 
particle filtration, various laser tech- 
niques) can determine medication dis- 
tribution within the spray plume, their 
effectiveness is limited to areas far 


downstream of the nozzle where the 
spray becomes diluted. In contrast, the 
dynamic phenomena of most interest, 
such as precipitation of medication from 
the vapor plume, occur largely in the 
“near-field” region extending from just 
inside the nozzle out to the first few mil- 
limeters. 

Fortunately, synchrotron-based 
XFS is well suited for probing the near- 
field spray region. By causing the drug 
to fluoresce, its distribution and concen- 
tration throughout the evolving spray 
plume can be mapped with very high 
spatial (5 um) and time (1 ms) resolu- 
tions. Moreover, XFS can measure the 
drug's concentration within the multi- 
tude of droplets that suddenly appear 
and grow throughout the spray. 

Figure 1 depicts the basic experi- 
mental layout at 7-BM-B utilized by re- 
searchers from Argonne, Monash 
University (Australia), the University of 
Sydney (Australia), and Chiesi Limited 
(UK). The spray apparatus was con- 
structed to mimic the spray from a real- 
world inhaler, including incorporating an 
actual MDI nozzle. The pressurized 
spray was composed of ipratropium 
bromide (the active drug) dissolved in 
ethanol and mixed with a standard hy- 
drofluoroalkane (HFA) propellant. At 
spray initiation, focused synchrotron x- 
rays (the red line in Fig. 1) ejected the 
innermost (K level) electrons within the 
bromine atoms. Higher-level (L and M) 
electrons that replaced the missing 
core electrons caused the bromine 
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Fig. 1. Side view of the experimental spray chamber. The setup is designed 


to simulate key parameters of an actual inhaler, including use of a genuine 
MDI nozzle and a transparent polyimide 'mouthpiece'’ that mimics a gen- 

uine mouthpiece. The spray is controlled by a solenoid valve, while nitrogen 
(N,) flow simulates patient inhalation. The x-ray beam (red line) causes the 


ipratropium bromide in the spray to fluoresce, emitting x-rays represented 


by the blue lines. 
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Fig. 2. Panels (a) and (b) show bromine concentrations measured along the centerline of the mouth- 
piece (dashed vertical line in Fig. 1). Vertical axes indicate drug concentration in nanograms (ng) 
per square millimeter. Both panels show that within 140 ms, the drug concentration rises sharply 
and peaks, then quickly dissipates. Note the difference in drug distribution with axial distance 
from the nozzle (y) depending upon which propellant is used. Panels (c) and (d) are based on the 
same propellant (HFA-134a) and show how drug concentration falls away rapidly from the center- 
line of the mouthpiece in the transverse direction (x). The effect is very pronounced close to the 


mouthpiece (5 mm), but less so further away (25 mm). 


atoms to emit characteristic x-rays. By 
measuring the emitted x-ray fluorescence, 
bromine distribution and concentration were 
determined. The energy of the x-rays se- 
lected for the experiment (15 keV) is capa- 
ble of exciting bromine, while the emitted 
fluorescence is only weakly absorbed by the 
spray's ethanol and propellant components. 

Bromine concentration and distribution 
is depicted in the three-axis graphs of Fig. 2. 
Panels 2(a) and (b) show how bromine con- 
centrations changed with distance using two 
different propellants (HFA-134a and HFA- 
22T). Panels 2 (c) and (d) reveal that drug 
concentration was highest around the cen- 
terline of the mouthpiece. 

While bromine appears in many com- 
mon inhaler medications, other inhaler drugs 
contain elements that also fluoresce for 
properly-tuned x-rays. Besides examining 
additional inhalant drugs, future experiments 
will measure how variations in nozzle design 
affect drug profiles in the critical near-field 
spray region. Moreover, combining XFS with 
laser excitation will aid in the measurement 
of drug precipitation and vaporization rates. 

The ultimate aim of these experiments 
is improving MDI design to increase the frac- 
tion of medication consistently delivered to 
the lungs. — Philip Koth 
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LOOKING AT THE LAG IN 


ROOM-TEMPERATURE IONIC LIQUIDS 


inding better energy storage technologies is a national priority that 

has led researchers to exotic substances such as room-temperature 

ionic liquids (RTILs). Such liquids consist of two molecules that have 
a positive and negative charge (as in table salt), but are unusual in that they 
remain liquid at room temperature. They have the potential to make excellent 
energy-dense batteries and supercapacitors, but their behavior at charged 
electrodes remains mysterious. For example, room-temperature ionic liquids 
are known to organize into separate layers of positive and negative charge 
where they touch a charged electrode, and these layers flip when the elec- 
trode’s potential changes from positive to negative or vice-versa. But the lay- 
ers take a mysteriously long time to do so — up to 10 sec — an extremely long 
time for a molecular process. This lag leads to hysteresis, which means that the 
structure of the liquid’s surface at a certain electrical potential depends on how 
it got there; whether it started at a higher or lower potential as well as where it 
ended up. Researchers are using the APS to get a better look at what hap- 
pens on the molecular level in room-temperature ionic liquids to make their lag 
last so long. A better understanding of the phenomena could lead to more ef- 
ficient, low-hysteresis designer liquids and superior energy storage devices. 





Fig.1. X-rays reflect off the interface between a room-temperature ionic liquid and a graphene elec- 


trode, revealing a layer of anions adsorbed onto the electrode. The layer flips charge when the elec- 
trode flips potential. Adapted from A. Uysal et al., J. Phys. Condens. Matter 27 032101 (2015). 
© 2015 IOP Publishing Ltd. All Rights Reserved 


Room-temperature ionic liquids 
have been known about for a long time, 
but they weren't practical until the year 
2000, when researchers discovered 
ones that were stable in air. Because 
every molecule in an RTIL can carry 
charge, such liquids could make energy 
storage devices that are much more 
energy dense than current technolo- 
gies, in which most of the available 
space is taken up by the solvent the 
charge carriers flow through. Re- 
searchers have experimented with sev- 
eral different RTILs and electrode types 
and they always see the same thing. At 
the interface where the RTIL touches 
an electrode, the RTIL separates into 
layers of ions, with each layer either 
mostly positively or mostly negatively, 
charged (Fig. 1). If the electrode has a 
positive potential, the RTIL will create a 
layer of mostly anions right against the 
electrode, with occasional patches of 
cations coexisting. If the potential of the 
electrode is then switched to negative, 
the ions will switch positions, with the 
ions adsorbed against the electrode 
gradually becoming mostly cations over 
a period of seconds. 

Researchers from Vanderbilt Uni- 
versity, Oak Ridge National Laboratory, 
Drexel University, and Argonne used 
the APS to get a more detailed under- 
standing of how those layers of ions 
switch when the electrode potential 
changes. They used the XSD 6-ID- 
B,C,D, 12-ID-C,D, and 33-ID-D,E 
beamlines at the APS that use the high 
flux of high-energy x-ray photons to 
penetrate the RTIL and observe the 
evolution of the RTIL's layered structure 
under electrochemical control and in 
real-time. 

The researchers used a graphene 
electrode because it is thin and flexible 
and shows promise for many different 
applications. They had the graphene 
touch the surface of the RTIL 1-methyl- 
3-nonylimidazolium bis-(trifluo- 
romethanesulfonyl)imide. 

The measurements taken at the 

“lonic” cont'd. on page 79 


GROWING INORGANIC CRYSTALS ON 
ORGANIC SELF-ASSEMBLED MONOLAYERS 


he ability to control crystal growth at interfaces is important to many 

significant processes including the scientific and technological de- 

velopment of thin films and sophisticated ferroelectric, semiconduc- 
tor, and superconducting devices. Many of these applications rely on the 
formation of inorganic “heterostructures” in which inorganic crystals grow epi- 
taxially on a crystalline inorganic substrate: the crystalline overlayer grows with 
a unique orientation on the underlying substrate. It is also known that inorganic 
crystals can grow epitaxially on soft/deformable organic substrates. This plays 
a major role in many biomineralization processes, such as those where or- 
ganisms generate structures like shells and bones. However, much less is 
Known about the mechanisms underlying this process. Researchers using 
high-brightness x-rays from the APS have now addressed this question by em- 
ploying Bragg coherent diffraction imaging (BCDI) to analyze the epitaxial 
growth of calcite (CaCO,) crystals on organic self-assembled monolayers 
(SAMs). Their conclusions provide interesting (and in one case unexpected) in- 
sights into how organic SAMs control the growth of inorganic calcite crystals, 
which further enhances the advance of thin-film technologies. 


Bottom Up 





Oriented CaCO, crystals were pre- 
cipitated on 11-mercaptoundecanoic 
acid SAMs on gold/silicon, and sam- 
ples were isolated and analyzed at dif- 
ferent times during crystal growth. Us- 
ing a coherent x-ray beam from the 
XSD 34-ID-C beamline and BCDI, the 
researchers produced simultaneous im- 
ages of the development of both the 
morphologies and the strain within the 
crystals over time. A series of two-di- 
mensional x-ray diffraction patterns, 
collected around a selected Bragg re- 
flection, were used to generate a three- 
dimensional pattern. After the applica- 
tion of a series of phase retrieval 
algorithms, these three-dimensional 
patterns allowed the researchers to de- 
tect small changes in the crystalline lat- 
tice of the imaged crystals. Figure 1 de- 
scribes various experimental results 
during the development of dislocation 
loops as calcite crystals grow on SAMs. 

The team's study yielded some 
surprising results and generated a new 
understanding of the mechanisms by 
which organic monolayers control the 
growth of and defect structures in inor- 
ganic crystals. They showed that al- 
though an organic monolayer is tradi- 
tionally considered “soft” it can bring 
about a deformation within the lattice of 
the crystal. The lattice deformation lies 
primarily at the edges and corners of 
each crystal, while strain becomes in- 
creasingly concentrated at the corners 
as the crystal grows. 

“Monolayers” cont'd. on page 79 


Fig. 1. Images describe: (a) morphological de- 
velopment of a calcite crystal on an organic 
SAM using a scanning electron microscope. (b) 
a reconstructed crystal shape nucleated on an 
organic SAM from BCDI amplitude measure- 
ments, as viewed from the indicated directions 
(blue triangles), with surface cusps circled on 
the base and Q the scattering vector. (c) (i) a 
section through an electron density map and (ii) 
a section cut through a displacement map, as 
made through the crystal's center, normal to the 
substrate. (d) a defect of a crystal with a low- 
density core surrounded by a spiral deforma- 
tion field /phase, whose features identify a 


dislocation loop. 


Two FOR ONE: 


SIMULTANEOUS X-RAY MEASUREMENTS OF 
DISSOLVED GAS AND CAVITATION BUBBLES 


nderstanding the dynamics of dissolved gases in fluids is essen- 

tial to many scientific and engineering endeavors. Where large 

pressure changes exist, cavitation can also occur. Both phenom- 
ena cause bubbles to form in fluids, but the two are difficult to distinguish from 
one another when scientifically measured. This is particularly important when 
trying to understand the extent that a dissolved gas diffuses into cavitation bub- 
bles in turbulent flows such as those found in high-pressure nozzles. In this 
study, researchers applied x-ray fluorescence (XRF) to determine both the den- 
sity of a liquid flow and the concentration of noncondensible gas. Their exper- 
iment was performed at the APS with a submerged cylindrical nozzle under 
cavitating conditions. With complimentary results obtained earlier from other di- 
agnostic techniques, their results further the understanding of gas diffusion 
into cavitation bubbles. Information gleaned from this study will improve meth- 
ods of design and manufacture to reduce cavitation erosion, which causes ex- 
tensive damage to machinery such as control valves, propellers, and pumps. 
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At the center of their experiment is 
the study of the dynamics of dissolved 
gas (any gas that dissolves into another 
solute) and cavitation (the formation of 
vapor cavities in a fluid when subjected 
to tension, typically due to low pres- 
sure). The experimenters used a cylin- 
drical test nozzle, with dimensions of 
0.5-mm diameter and 3.05-mm length, 
manufactured from a thermoplastic 
polymer called polyether ether ketone 
(PEEK). The exit portion of the nozzle 
was submerged in liquid during the ex- 
periment, while maintained at a con- 
stant pressure. 

The fluid used in the experiment, a 
gasoline surrogate, was doped with 400 
ppm of a bromine (Br) additive called 
tetrabromomethane (CBr4; also known 
as carbon tetrabromide). The dissolved 
air in the fluid was removed by de- 
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gassing and replaced with krypton (Kr) 
gas. The procedure involved evacuat- 
ing a storage tank, moving the contents 
into a piston accumulator, and pumping 
it through a brass orifice to assure the 
removal of excess air. The degassed 
fluid was then vacuum-stored for sev- 
eral hours. Krypton gas was bubbled 
through the fluid until an equilibrium 
pressure was reached. 

Conducting the experiment at the 
XSD 7-BM-B beamline, the researchers 
from Argonne focused a 15-keV mono- 
chromatic x-ray beam using Kirkpatrick- 
Baez mirror optics. The beam simulta- 
neously excited fluorescent emission 
from the Br and Kr components within 
the fluid. The emission from the K 
edges of Br and Kr were recorded us- 
ing a silicon drift diode detector. The in- 
coming beam intensity was normalized 


using a diamond transmission photodi- 
ode. Total displacement of the liquid 
was measured from Br fluorescence, 
while the mass fraction of both the dis- 
solved and nucleated gas was meas- 
ured from Kr fluorescence (Fig. 1). 

The team corrected for systematic 
errors in measurements due to reab- 
sorption, intensity calibration, and de- 
tector dead-time. Various experimental 
uncertainties were also taken into ac- 
count. Specifically, the researchers 
found uncertainties of 2.4% and 3.6% 
associated with projected densities of 
the liquid (Br) and gas (Kr) phases be- 
fore reabsorption correction, and 4.3% 
and 6.4% after iterative reabsorption 
correction, respectively. The Kr/Br mass 
ratio was measured with an uncertainty 
of 8.3%. These analytic measurements 
were validated with independent diag- 
nostic techniques, such as x-ray radiog- 
raphy. 

Based on their experiments, the re- 
searchers concluded that many of the 
voids found exiting the nozzle are due 
not only to cavitation vapor. Instead, 
they discovered that these voids were 
also partially filled with nucleated gas. 
Ultimately, the expansion of dissolved 
gas into the voids formed by cavitation 
act to stabilize the bubbles and prevent 
them collapsing. 

The information collected from this 
experiment will help in the many fields 
relevant to the fluid-flow dynamics of 
dissolved gas and cavitation. For in- 
stance, hydraulic oil can be adversely 
affected by the precipitation of gas bub- 
bles, as can the presence of gas bub- 
bles within nozzles used in high-pres- 
sure, direct fuel-injection systems found 
within internal combustion engines. In 
such cases, quantitative measure- 
ments, like the ones produced in this 
study with XRF, can help to minimize 
such serious problems. 

— William Arthur Atkins 
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"Ionic" cont'd. from page 76 
APS suggest the RTIL's layered struc- 
ture has two stable states—one when 
the electrode's potential is positive, the 
other when the electrode potential is 
negative. The results suggest that these 
two stable states are separated by an 
energy barrier, which has a size of ap- 
proximately 0.15 eV. This energy barrier 
is sufficiently large that it takes time 
(and energy) for the ions to cross over 
it, leading to the observed hysteresis. 
The team also noted intermediate 
states — mixed patches of anion and 
cations— while the potential applied to 
the graphene surface changed. The 
team members from Vanderbilt created 
a computer model that successfully re- 
produced those intermediate states, 
confirming that the researchers under- 
stood mathematically what is going on. 

The next step will be to figure out 
what is happening in various RTILs. 
Specifically, the researchers want to 
know how the physical structure of the 
molecules in the RTIL contributes to the 
hysteresis. If the researchers can un- 
derstand that, they can design RTILs 
with molecular properties that cause as 
little hysteresis as possible. 

— Kim Krieger 
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The researchers from the Univer- 
sity of Leeds (UK), SLAC National Ac- 
celerator Laboratory, DESY (Germany), 
University College London (UK), and 
Argonne also observed a most unex- 
pected result. Each crystal contained a 
single dislocation loop that occupied 
exactly the same position within all of 
the sample crystals. The loop forms to 
relieve the stress field present at the 
crystal/substrate interface, where this 
strain increases as the crystal's volume 
increases. When stored elastic energy 
exceeds the energy needed to make a 
dislocation loop, then a dislocation 
grows to relieve the stress. 

This dislocation loop has a different 
geometry from the “misfit dislocations” 
frequently observed in epitaxial inor- 
ganic heterostructures. In “classic” mis- 
fit dislocations, the apex of the loop is 
located at the interfaces between the 
substrate and overlayer. It has edge 
character parallel to the interface, 
which reduces the strain that occurs in 
the crystal overlayer because of the dif- 
ferences in lattice structure between 
the substrate and overgrowth crystal. 

The dislocation loop formed in the 
studied organic/inorganic heterostruc- 
ture system must therefore form by a 
different mechanism. The team con- 
tends that the loop arises from two ef- 
fects: internal stress due to interfacial 
defects and the nanoscale roughness 


of the substrate, where the nanoscale 
roughness of the substrate is the domi- 
nant factor. 

This research provides new infor- 
mation about the factors that govern 
crystallization on organic substrates. It 
contributes important knowledge about 
stress relaxation and dislocation forma- 
tion during epitaxial crystal growth, and 
demonstrates that the roughness of the 
substrate—whether organic or inor- 
ganic—should be considered when 
controlling defects and interfacial strain 
during epitaxial crystal growth. 

— William Arthur Atkins 
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MEASURING THE MICROSTRUCTURE OF 
NATURAL GUMS 
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Fig. 1. A gold nanoparticle (dark red) moves around easily (light red showing the path) in a more open area of a 
gum, while another is caught up in a more crowded area. The graph shows how freely the nanoparticles move at 
different concentrations of the gum solution. 


cacia gum is widely used in foods, pharmaceuticals, cosmetics, and inks 
as a stabilizer or thickening agent. Usually the gum, a natural polymer, 
is derived from two main species of acacia trees, A. senegal and A. 
seyal, but there are roughly 1200 species of acacia. People who harvest the trees 
commercially would like to know how the gums from different species, which have 
different chemical variations, compare, so they can predict their material properties 
and their usefulness in different applications. Now scientists working at the APS have 
shown they can use x-rays to characterize the structural properties of the gum and 
relate those to how the material behaves. Measurements of these and other gums 


may help commercial users of the material decide which type is best for a given ap- 
plication. Meanwhile, these researchers say their results demonstrate that x-ray pho- 


ton correlation spectroscopy (XPCS) is a viable method for studying the structure 


and dynamics of natural polymers. 


The researchers from Argonne, 
Universidade Federal do Parana 
(Brazil), Instituto de Pesquisa Pelé Pe- 
queno Principe (Brazil), and Johns 
Hopkins University studied gum derived 
from A. mearnsii, harvested from trees 
grown for tannin extraction in Brazil. 
The gum from that tree was known to 
have better emulsifying properties and 
different viscosities from the commer- 
cially available gum. The gum has three 
main components: the biopolymer ara- 
binogalactan, an arabinogalactan-pro- 
tein complex, and glycoprotein. Under- 
standing the arrangement of these 
components and the spacing among 
them gives a hint to the macroscale 
rheological properties of the gum—how 
it stretches, recoils, or flows as forces 
are applied in a certain direction. 

X-rays provide the nanometer- 
scale resolution necessary to measure 
the structure, but the gum, consisting 
mainly of carbon and nitrogen, does not 
scatter x-rays well, so investigators 
could not see the structure directly. To 
overcome this problem, they synthe- 
sized gold nanoparticles and mixed 
those into the polymer. By seeing how 
the nanoparticles moved, they could get 
an idea of how the average spacing in 
the gum structure changed as the gum 
concentration was varied. 

The researchers first measured the 
macroscopic behavior of the gum, and 
used that to predict how much space 
would be available at the nanoscale to 
let the nanoparticles move freely. They 
then made x-ray measurements of both 
the commercial and the Brazilian gum, 
which turned out to agree with their pre- 
dictions. Increasing the ratio of gum to 


water in the solution thickens the gum 
and reduces nanoparticle movement, a 
result that is more evident in the Brazil- 
ian gum, suggesting the components 
are becoming more entangled and leav- 
ing less space (Fig. 1). That matches 
the behavior at the macroscale, in 
which the Brazilian gum become more 
viscous more quickly. Overall, the shear 
viscosity—a measure of how resistant a 
substance is to flow—is about 1000 
times lower in the commercial gums 
than in the Brazilian gum. 

To understand how the nanoparti- 
cles fit with the gum's molecules, re- 
searchers needed to know their size 
distribution. They performed small-an- 
gle x-ray scattering on the nanoparticle 
solution at the XSD 12-ID-C,D beamline 
to determine that the average nanopar- 
ticle diameter was 4.8 € 0.8 nm. That 
beamline has a large-area detector that 
can record the scattering from a wide 
range of nanoparticle sizes. The meas- 
urements were consistent with TEM im- 
ages taken at the Argonne Center for 
Nanoscale Materials, which showed the 
gold nanoparticle's average diameter 
was 5.0 + 1.2 nm. 

To characterize the gums, they per- 
formed XPCS at the XSD 8-ID-| beam- 
line. That beamline uses a coherent x- 
ray beam sensitive to the arrangement 
of the particles and how that varies over 
time, allowing researchers to watch how 
the particles move. The instrument can 
look at changing speckled interference 
patterns from the material that are sen- 
sitive to motion at the nanoscale, pro- 
viding the resolution necessary for the 
experiment. — Neil Savage 
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UsiNG PRESSURE TO INTERROGATE THE 
BUNDLING BEHAVIOR OF AMPHIPHILES 
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Fig. 1. The oligomeric state of PEGylated amphiphiles based on 3-helix bundle-forming peptide was 
found to be surface pressure dependent with mixture of dimers and trimers formed at intermediate 
surface pressure but transitioned completely into trimers upon increasing surface pressure. 


olecules in nature can enhance their binding to biological re- 

ceptors by clustering to form more-complex structures. One 

class of biomaterials, called 3-helix peptide-polymer am- 
phiphiles, adopt twisted "coiled-coils" and selectively accumulate in mouse tu- 
mors, which could be promising for drug delivery technologies. Amphiphiles 
are synthetic or natural long molecules that have a polar, hydrophilic (water-lov- 
ing) head group and a hydrophobic (water-fearing) tail. They can self-assem- 
ble into a range of structures including micelles, vesicles, nanotubes, 
nanofibers, and lamellae. However, the assembly process for these am- 
phiphiles is poorly understood and difficult to study in solution. In this work, 
scientists used x-ray techniques and pressure at the APS to investigate a 
monolayer of the self-assembled amphiphiles at the air-water interface, turn- 
ing a difficult three-dimensional problem into a two-dimensional one. While 
these fundamental experiments provide crucial information that would be dif- 
ficult to obtain via alternative routes, the researchers note that there are limits 
to extrapolating three-dimensional real world conclusions from two-dimensional 
data. Still, these coiled-coils peptide-polymer conjugates present a promising 
way to generate structured oligomeric states for future biological ligand-re- 


ceptor applications. 


Amphiphilic peptide-polymer conju- 
gates' unique assembly in solution 
stems from their component hydrophilic 
and hydrophobic parts. By understand- 
ing what impact each part has on the 
conjugates' oligomeric assembly, re- 
searchers hope to influence their func- 
tion and stability and direct them to- 
wards specific therapeutic targets in the 
body. 

The researchers in this study, 
based at the Lawrence Berkeley Na- 
tional Lab and the University of Califor- 
nia, Berkeley, probed how the assembly 
process was affected by two features: 
primary peptide structure and the pres- 
ence of side-conjugated polyethylene 
glycol (PEG). 

To that end, the team synthesized 
three types of compounds including 
non-PEGylated amphiphiles, PEGy- 
lated amphiphiles and PEGylated 
scrambled amphiphiles. The re- 
searchers deposited extremely small 
amounts of each type of amphiphile on 
a thin film of water and compressed the 
sample at 10 mm/min to form a layer of 
molecules pinned at the air-water inter- 
face. At one molecule in thickness, the 
monolayer effectively lets the research 
team analyze the assembly in two di- 
mensions. 

The monolayers were interrogated 
via two complementary x-ray tech- 


niques that show how the molecules 
were packed on the surface. The team 
conducted these experiments at the 15- 
ID-B,C,D ChemMatCARS beamline at 
the APS. 

The first technique, called x-ray re- 
flectivity, gave out-of-plane information 
at the air-water interface, meaning it re- 
vealed whether the molecules are 
standing up or lying down. The second 
technique, grazing incidence x-ray dif- 
fraction, provided in-plane details on 
peptide bundling to form coiled-coil 
structures. 

Though these x-ray techniques are 
well suited for studying very small sam- 
ples, the collected signals were rather 
weak and required diligent analysis to 
ensure that the data is meaningful. To 
check their data, the researchers per- 
formed non-trivial data fitting and com- 
pared the results with the simulated 
profiles of possible oligomeric states. 

With the combined power of these 
experimental strategies, the re- 
searchers found that the PEGylated 
scrambled amphiphiles did not form any 
recognizable oligomeric states, while 
the PEGylated and non-PEGylated am- 
phiphiles formed well-defined layers 
that were slightly more pronounced in 
the latter. In other words, the results re- 
veal that coiled-coil formation is highly 
dependent on peptide structure. 


Under low pressure (10 mN/m), all 
three types of amphiphiles accumulated 
at the interface, with the peptide portion 
lying on the surface and the hydropho- 
bic alkyl portions protruding into the air. 
At intermediate surface pressures (30 
mN/m), the PEGylated amphiphiles 
formed mostly 2-helix dimers while non- 
PEGylated amphiphiles formed only 3- 
helix trimers. Upon increasing to higher 
pressures (40 mN/m), the researchers 
saw that both types of amphiphiles 
showed complete trimer formation 
(Fig.1). They hypothesized that this 
phenomenon arose from shorter inter- 
peptide distances at high pressure. In- 
deed, they observed a slight reduction 
in interhelical distance for the non-PE- 
Gylated variant while the PEGylated 
amphiphiles retained their interhelical 
distance. — Tien Nguyen 
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SQUISHY POLYMER BALLS 
DON’T ALWAYS CONFORM 


tuff a lot of billiard balls into a box, or marbles into a crate, or 

chromium atoms into a hunk of metal, and they will pack together in 

a familiar pattern. Billiards and marbles and chromium atoms bunch 
together as we expect hard spheres to bunch—in regular, symmetric, close- 
packed arrays. While polymers are neither hard nor spheres, some cluster 
into almost spherical balls that researchers expect to behave similarly. But it 
seems that sometimes they don’t. Researchers used the APS to examine why 
and under what conditions polymer spheres do not conform into familiar pat- 
terns and explored the strange behavior of a simple block copolymer that was 
quickly cooled. Their results defy widely accepted ideas about how these ma- 
terials behave. That such unexpected arrangements arise from simple copoly- 
mers shows that science still has much to learn about how these materials 
move and come together, and by doing so, scientists will learn much about the 
nature of aperiodic order in condensed matter of all kinds. 


A block copolymer is a little like a 
bead necklace, with each bead a mo- 
lecular unit. These researchers, from 
the University of Minnesota and the 
Rensselaer Polytechnic Institute, 
used chains with two simple se- 
quences of beads (Fig. 1). In this 
type of block copolymer, hundreds of 
individual molecular strings come to- 
gether to form soft particles, like 
knots in the necklace. Usually, these 
particles cluster into close-packed 
arrangements when cooled below a 
certain temperature, squishing the 
necklace into the tightest possible 
wad. But when cooled far below this 
temperature, the close-packed 
arrangement sometimes does not ap- 
pear. Researchers are unsure why. 

The researchers mixed up some 
of this material, squeezed it into a 
thin quartz tube, cooled it very 
quickly, and then used small-angle x- 
ray scattering experiments performed 
on the DND-CAT 5-ID-B,C,D beam- 
line at the APS to watch how the 
polymer necklaces arranged them- 
selves over time. 

The polymer formed soft parti- 
cle-like regions as expected, but in- 
stead of bunching themselves into a 
periodic arrangement, the particles 
adopted a two-dimensional aperiodic 
pattern known as a quasicrystal. 
Over several hours to months, de- 
pending on the temperature, the 





io» e 220,1 ®z=% O2=%% 


Fig. 1 Schematic of the model asymmetric diblock 
copolymer and its states of order when cooled. (a) 
Chemical structures of IL diblock copolymers. Each 
"bead" is a specific repeat unit. (b) Red sequences 
cluster together to form nearly spherical particles. (c) 
Two-dimensional particle tiling patterns associated 
with the BCC, o, and DDCQ phases identified in the IL 
diblock copolymer viewed in the x-y plane. The BCC 
and © phases were shown to be equilibrium states 


while the DDQC is a transient non-equilibrium phase. 
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polymer particles reorganized into a 
fully periodic crystalline pattern with the 
particles arrayed with local tetrahedral 
packing. This behavior is similar to cer- 
tain computer simulations of hard 
spheres in which a specific balance of 
repulsive and attractive forces suppress 
close-packed structures. 

The researchers speculate that the 
fast temperature drop turns off molecu- 
lar diffusion resulting in kinetic con- 
straints that guide ordering of the mate- 
rial into a transient disordered state. 
This work begs the question: Were the 
ordered states that researchers have 
observed previously in particle-forming 
block polymers true equilibrium phases 
or just steps in a slow transition? There 
may be much more complexity to the 
movements and order of these materi- 
als than researchers have supposed. 

Since the discovery of aperiodic or- 
der in metal alloys in the mid-1980s, re- 
searchers have observed quasi-crys- 
talline arrangements in a growing 
variety of materials, which include 
nanoparticles, foams, and biological 
materials. But the underlying principles 
that dictate the formation of quasi-crys- 
tals in soft materials remain a mystery. 
The simple copolymer examined in this 
Work serves as an ideal model to help 
researchers uncover these principles. 
The results demonstrate that at least 
some forms of order in this class of soft 
materials are non-equilibrium states—a 
pit-stop on the material's journey to 
something else. — Jenny Morber 
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Denis Keane, Director of the DND-CAT x-ray facility at the APS, places a sample in 
the kappa geometry diffractometer at the DND-CAT 5-ID-C x-ray beamline. This in- 
strument is used for measuring x-ray fluorescence, x-ray standing waves, and wide- 
angle x-ray scattering to determine the surface and bulk structure of thin films and 
other samples. 


NEON YIELDS SECRETS IN FIRST LOCK-UP 





Fig. 1. Neon observed experimentally within the pores of NIMOF-74 at 100 K and 100 bar of neon gas pressure. 


eon is abundant in the Earth's atmosphere, but not on Earth itself. 
Neon does not bind with other compounds and is lighter than air, 
SO it escapes into the atmosphere and out into space. What is left 
in Earth's air we extract to study, to light glowing signs, and make high-pow- 
ered lasers. Since its discovery in 1898, neon has taught scientists much about 
the nature of stable atoms. But despite neon's importance to both science and 
industry, no one had previously reported capturing it in a molecular box in the 
way that nearly every other element has been studied. Organic and metal-or- 
ganic crystal structures are critical in the study of materials, molecules, and 
gases, and with more than eight decades of scrutiny, researchers have re- 
ported experiments and results for over 850,000 crystal structures containing 
94 different elements. But not neon. One of the most effective gas trapping 
boxes, called metal-organic-frameworks (MOFs), are composed of metal 
atoms or sheets connected by stretchy organic linking molecules. In this report, 
researchers working at the APS use MOFs to correct the surprising oversight 
and along the way reveal the first crystallographic observation of an interaction 
between neon and a transition metal—a result with tantalizing implications for 





neon capture. 


Researchers exposed two well- 
studied MOFs to an atmosphere of 
neon under moderate pressure, low- 
ered the temperature, and observed 
what happened. They tracked the 
movement of neon into the MOF's 
pores and how the atoms interacted 
with their environment through analy- 
sis of in situ x-ray powder diffraction 
data gathered on the XSD 17-BM-B 
beamline at the APS. This data al- 
lowed the researchers from the Cam- 
bridge Crystallographic Data Centre 
and Argonne to track the interactions 
of the neon atoms and how the struc- 
tures responded to changes in temper- 
ature, pressure, or other conditions as 
the experiment progressed. The re- 
searchers were able to determine the 
percentage of neon that diffused into 
the MOFs or slipped back out, how the 
shape of the MOFs changed, and 
even how close the atoms snuggled 
up to each other as temperature varied 
and time passed. 

One MOF was composed of thin 
and rigid copper sheets connected by 
flexible organic molecules. As ex- 
pected, neon mimicked other gases 
previously studied with this MOF, and 
simply stacked into the elastic cylindri- 
cal channels. The atoms appeared to 
move into and out of the framework 
with similar ease, and the structure 
stretched to accommodate them. The 


researchers found no evidence for 
strong guest-framework interactions, 
meaning that this structure would not 
work well to selectively grab neon from 
a mix of similar sized gases. 

The second MOF contained nickel 
metal atoms and an organic molecule 
network that enclosed roughly hexago- 
nal channels (Fig. 1). In this structure, 
the researchers noted that neon en- 
tered the pores more readily than it ex- 
ited at similar pressure, which together 
with other evidence suggested an in- 
teraction between one of the neon 
atoms and the nickel in the framework. 
The transition metal-neon interaction 
hints that it could be possible to build 
an MOF capable of selectively captur- 
ing neon from a mix of gases. 

It is now the 50th anniversary of 
the Cambridge Structural Database, 
"the world's repository for small-mole- 
cule organic and metal-organic crystal 
structures." Somehow neon had es- 
caped the focus of decades of intense 
work to understand and refine crystal 
structures, but no longer. 

This work is the first experimental 
report of neon captured in such an en- 
vironment, and given the challenges 
involved in studying more unstable el- 
ements, may add the last new element 
to the crystal structure collection for 
quite some time. With noteworthy re- 
sults, the interaction between neon 


and a transition metal hints at exciting 
future possibilities for neon capture. 
— Jenny Morber 
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WHEN YOUR LATTICES DON'T LINE UP: 
CHARGE INVERSION NEAR WET CHARGED SURFACES 


he combination of a charged surface or charged molecule adjacent to a room-temperature, aque- 

ous solution occurs in many biological and colloidal applications, including protein folding and the 

interaction between viruses and their host cells. Previous work studying this situation has shown 
that charged colloidal particles can attract so many dissolved ions that the colloidal particles reverse their 
effective charge, which is impossible based on electrostatics alone. The mechanism for this charge inver- 
sion is an outstanding question. In new work, a research team with members from two Illinois universities 
used the APS to investigate the lattices formed in this type of environment and their possible role in this 
charge reversal. They found the first indication of ordered lattices composed of charged particles from the 
solution, whose incommensurate position with respect to the charged surface implies the lattice's forma- 
tion is a product of ion-ion interactions rather than chemical attachment, as had been thought to be the case. 
In addition to addressing a topical electromagnetism question, these results can be applied to materials sci- 
ence as well as aspects of molecular biology that touch human life at a very basic level. 


A cartoon depiction of the large, 
ionic, incommensurate lattice (or- 
ange, blue, and grey circles) 
formed when a multivalent aque- 
ous solution is in contact with the 
charged surface of a floating 
Langmuir monolayer (red and 


green circles). The two black rec- 


tangles link samples of the cartoon 


lattice to the peak in the x-ray 
diffraction data which indicates its 
presence. The cartoon is not to 
scale. From M. Miller et al., Lang- 
muir 32, 73 (2016). Copyright © 
2016 American Chemical Society 





A simplified way to envision the 
aqueous solution in these systems is as 
a few large, charged colloidal particles 
or molecules surrounded by many 
smaller, multivalent ions. Charged col- 
loidal particles or molecules will attract 
many of the smaller, oppositely-charged 
ions, called counterions. Explanations 
for the over-attraction of counterions fall 
into two categories: chemical mecha- 
nisms and physical mechanisms. The 
chemical mechanisms require chemical 
bonds between the counterion and 
charged surface; the physical mecha- 
nisms require the counterions to form a 
laterally ordered lattice. This lattice or- 
dering can lower the free energy and 
create an environment in which it is fa- 
vorable for the large colloidal particle or 
molecule to invert its charge by attract- 
ing too many dissolved ions. 

To detect such a lattice, the team 
built systems composed of charged sur- 
faces and aqueous solutions of multiva- 
lent ions. For the charged surfaces, 
they used amphiphilic monolayers con- 
sisting of carboxylic acid and phosphate 
head groups; these were selected be- 
cause they form very dense ordered lat- 
tices. The team tested two aqueous so- 
lutions: erbium chloride or erbium 
nitrate. 

The team of researchers from 
Northwestern University and The Uni- 
versity of Chicago collected scattering 
intensity data both in-plane and normal 
to the plane using grazing-incidence 
synchrotron x-ray diffraction (GIXD) at 
the ChemMatCARS 15-ID-B,C,D x-ray 
beamline at the APS. The resulting dif- 
fraction peaks indicated the presence of 
three lattices: the charged surface, a 
lattice commensurate with the location 
of the head groups in the charged sur- 
face layer, and a hexagonal lattice in- 
commensurate with the structure of the 
charged layer. The lower section of Fig. 
1 depicts a cartoon of the charged sur- 
face and aqueous solution, with a large, 
dark rectangle indicating a portion of 
the incommensurate lattice; the smaller 
rectangle in the upper left calls out the 
x-ray data that indicates the presence 
of the incommensurate lattice. 

The presence of the ordered lattice 
of counterions allowed the team to draw 
a number of conclusions. 

This incommensurate layer gives 
physical evidence to support the mech- 


anism by which the counte- 
rions can invert the effec- 
tive charge of the colloidal 
particle. This mechanism 
cannot be chemical, be- 
cause the two lattices are 
not aligned, and so must be 
physical, based on the re- 
duction in free energy pro- 
duced by formation of an 
ordered lattice. The team's 
results also show that later- 
ally ordered lattices can be 
made by counterions at 
temperatures near room 
temperature. Lastly, the 
correlation length of the in- 
commensurate lattice is 
sufficiently large to rule out 
the presence of a con- 
densed Wigner liquid 
phase, upsetting a popular 
candidate for explaining 
this charge inversion phe- 
nomenon. 

With this recent work, 
the team has provided data 
that indicate a mechanism 
for charge inversion 
through the formation of or- 
dered lattices in wet, room- 
temperature environments 
that include a charged sur- 
face. 

— Mary Alexandra Agner 
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Fig. 1. Schematic diagram of the system studied. The negatively 


charged (green) head groups are in contact with the solution and 


attract positive (red) counterions. 
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FAKING PHOTOSYNTHESIS TO 
MAKE HYDROGEN FUEL 


umans can learn a lot from plants. With energy from the sun, pro- 

tein catalysts in plants efficiently split water to generate oxygen, 

storing the energy as carbohydrates. Scientists would like to per- 
form a similar trick, using solar energy to split water and produce hydrogen 
fuel. Hydrogen fuel burns clean, producing only water as a byproduct, but split- 
ting water is not an efficient task for humans. Researchers have taken baby 
steps toward artificial photosynthesis, building solar-powered water-splitting 
catalysts in the laboratory, but so far these catalysts remain far less efficient 
than their vegetal counterparts. One reason it's difficult to improve catalytic ef- 
ficiency is that scientists don't fully understand the catalysts' water-splitting 
mechanism. To examine the reaction pathway of a cobalt-based catalyst in un- 
precedented detail, researchers collected x-ray absorption spectra at the APS. 
The data revealed electronic and structural features of the catalyst, offering 
clues for how the researchers can tweak the catalyst to run the reaction more 
efficiently. Such advances could bring down the cost of producing hydrogen 
fuel, making a hydrogen economy—a world run on water—a future possibility. 


Photosynthetic water splitting is the 
breakdown of two water molecules into 
two H2 molecules plus an O2. The re- 
action takes place in two steps: 1) water 
oxidation and 2) proton reduction. 
Chemically speaking, both steps are dif- 
ficult, but for this study, the researchers 
focused only on speeding up the sec- 
ond step. The tough part of proton re- 
duction involves forming a bond be- 
tween two hydrogens to form H2, a 
process called hydrogen evolution, so 
that’s where a catalyst can help. There 
are many hydrogen-evolving catalysts, 
but none rival biological enzymes, and 
most have additional drawbacks as 
well. Most existing catalysts aren't solu- 
ble in water, which is a problem since 
the end goal is to use the catalyst to 
turn water into fuel. Another factor is 
cost; many catalysts rely on the elec- 
tron-moving properties of expensive 
metals, such as platinum or rhodium. In 
this study, the researchers examined 
the reaction pathways of a water-solu- 
ble hydrogen-evolving catalyst with a 
lower-cost cobalt center. 

The catalyst’s formula is [LCo!"'Cl,], 
with the cobalt stabilized by four nitro- 


gen atoms embedded in a macrocycle 
ligand of ring moieties, represented as 
L in the formula. To figure out the exact 
steps the catalyst takes to form hydro- 
gen-hydrogen bonds, a team of re- 
searchers from the Institute of Chemical 
Research of Catalonia (Spain), South- 
ern Federal University (Russia), Univer- 
sitat Autonoma de Barcelona (Spain), 
and Argonne used the XSD 20-BM-B 
and 11-ID-D x-ray beamlines at the APS 
to perform static and time-resolved x- 
ray absorption spectroscopy (tr-XAS). 

The main advantages of time-re- 
solved x-ray absorption spectroscopy 
over other methods is that it tracks the 
formation and decay of reaction inter- 
mediates, even those that disappear 
within picoseconds, as well as the kinet- 
ics of each reaction step. The team 
hoped to identify the reaction's rate-lim- 
iting step, as this is a key efficiency bot- 
tleneck and a target for optimization. 

At the beamline, the researchers 
mixed the cobalt catalyst with a ruthe- 
nium-based photosensitizer. This photo- 
sensitizer is energized by light and can 
pass that energy to the catalyst to jump- 
start the reaction. They also added 


ascorbic acid to the mixture. The ascor- 
bic acid acts as an electron donor, 
which provides a source of electrons for 
downstream reactions. The sample is 
flown into a free-flowing liquid jet sheet 
in the path of the x-ray beam and ex- 
cited with an optical laser. The light sets 
the reaction in motion, with the photo- 
sensitizer funneling electrons from the 
donor to the catalyst. As the reaction 
progressed, the x-ray data showed that 
the structural environment around the 
cobalt metal center changes over the 
course of the reaction and also allowed 
the observation of the cobalt cycling 
through different oxidation states. 

To better understand what was go- 
ing on, the researchers compared the 
experimental data with numerical simu- 
lations of the reaction, which predicted 
the spectra from hypothetical intermedi- 
ates. Together, the data and simulations 
allowed the researchers to map out the 
full mechanistic pathway of the reaction 
and determine the rate-limiting step 
(Fig.1). The formation of the Co(l) oc- 
curred in a matter of nanoseconds, 
while the formation of the Co(lll) hy- 
dride intermediate took microseconds to 


RDS 


form. The researchers concluded that 
the formation of the latter intermedi- 
ate—the protonation of Co(l)--was 
therefore the rate-limiting step. 

This discovery immediately sug- 
gests ways in which the researchers 
could adjust the structure of the macro- 
cyclic ligand to speed up the reaction 
and improve the catalytic efficiency. The 
process is a bit of trial and error—make 
a tweak and see if the efficiency im- 
proves—but the researchers no longer 
have to make their tweaks in the dark. 

— Erika Gebel Berg 
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Fig. 1. The mechanistic pathway for the hydrogen evolution reaction, which produces H2 molecules, as 


catalyzed by a cobalt-based catalyst. The catalyst includes cobalt (pink), oxygen (red), and nitrogen 


(blue). The overall charge state of each intermediate along the catalytic cycle are shown (+3, +2, 


+1). Yellow arrows indicate steps that utilize energy from a light source. Kinetic timescales are also 


shown, with the rate-determining step (RDS) labeled. 
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THE MODEL CATALYST 





+ [Zn(NH3)4]** 
pH = 10 


pure water 
Fig. 1. Model mechanism of grafting of zinc ions under the OTOS film (top) and corresponding graft- 


ing mechanism of zinc ions at the silica interface (bottom). From M.W. Martynowycz et al., Am. Chem. 


Soc. 138, 12432 (2016). 





cientists use catalysts to facilitate chemical reactions for making 
everything from pharmaceuticals and plastics to pesticides and food 
additives. Many catalysts are solids, and the reactions take place on 


their surfaces. Therefore, understanding the surface science is crucial to de- 
signing better catalysts. Researchers used the APS to investigate the surface 
of ultrathin films of siloxanes at the air-liquid interface, to which metal ions can 
be attached. This new structural analysis of the films, controversially very dif- 
ferent from the former structural interpretations, provides a fresh insight into 
how these catalysts work and could lead to more efficient catalysts. 


Designing new, efficient catalysts 
for speeding up a range of chemical re- 
actions is a difficult task. Often times, 
new catalysts are discovered serendipi- 
tously. However, a better understanding 
of how the surfaces of solid catalysts 
interact with chemical reagents to make 
different products would be a much 
more effective approach for deliberate, 
as opposed to accidental design of cat- 
alysts with specificity for given reac- 
tions. Specificity means fewer side 
reactions and more product compound 
per unit of the reagent, or starting ma- 
terial, the chemist begins with. 

Chemists have recently experi- 
mented with metal ions of cobalt, iron, 
and zinc bounded to a type of silicon 
dioxide known as amorphous silica, 
which make very stable catalysts. 
These materials have been shown to 
accelerate the conversion of propane 
by removal of some of its hydrogen 
atoms (dehydrogenation) to the more 
useful propene. Propene can be 
processed further into other chemically 
important compounds as well as being 
polymerized into polypropylene. Follow- 
ing the catalytic processes is difficult 
with conventional surface spectro- 
scopic techniques. Unfortunately, these 
otherwise rather powerful techniques 
such as extended x-ray absorption fine 
structure and x-ray absorption near 
edge structure are not amenable to 
studying solid-liquid interfaces of the 
catalysts because of interference with 
the bulk solutions. 

These limitations have almost put 
the study of this kind of catalyst off-lim- 
its. However, a new type of surface 
study using the ChemMatCARS 15-ID- 
B,C,D beamline at the APS has allowed 
researchers from the Illinois Institute of 
Technology, Argonne, and The Univer- 
sity of Chicago to instead probe the 


surface chemistry of monolayers of a 
silicon compound to which the catalytic 
metal ions can be attached. These ul- 
trathin films, acting as a model for the 
amorphous silica catalysts, can then be 
studied with grazing incidence x-ray dif- 
fraction, x-ray reflectivity, and x-ray fluo- 
rescence spectroscopy. 

Zinc ions can be bound to mono- 
layer films of octadecyltrioxysilane that 
are formed from octadecyltrimethoxysi- 
lane through the reactions of hydrolysis 
and condensation. Indeed, other re- 
searchers have tested these ultrathin 
films and suggested polymer formation 
based on x-ray and infrared surface 
studies. However, the new study on the 
ChemMatCARS beamline argues that 
the formation of polymers in this system 
is inconsistent with the experimental x- 
ray data (Fig. 1). These researchers ex- 
plain that polymer formation is 
energetically unfavorable and is highly 
unlikely. Instead, based on their analy- 
sis, they have proposed formation of 
tiny rings of the siloxane molecules 
made of three units (trimers) rather 
than long, linear polymer chains. 

Such cyclic trimers are entirely 
consistent with the new x-ray studies as 
well as with infrared data of the earlier 
research. According to the new data, 
positively charged zinc ions bind to the 
negatively charged oxygen atoms of 
the hydroxyl groups of the film. The 
cyclic trimers of the monolayer imitate 
the function of active sites of amor- 
phous silica surface that are known to 
bind zinc ions at the solid-liquid inter- 
face. Moreover, the ratio of zinc ions to 
those hydroxyl groups is the same as is 
measured in zinc-on-silica catalysts, so 
it can be presumed that the nature of 
the active sites in the model material is 
the same as in the catalyst itself. 

This new insight points the way to 


a clearer understanding of metal-on- 
amorphous-silica catalysts and offers 
the possibility of new approaches to 
making these catalysts more effective 
and efficient for the production of fine 
chemicals. Additional studies must now 
be carried out to confirm definitively the 
one-to-one correspondence between 
their model and catalytic surface of 
amorphous silica. — David Bradley 
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NATURAL BUILDING BLOCKS FOR 
NEW CATALYSTS 


aking a leaf out of nature's book has been a fruitful inspiration for sci- 

entists. Now, in a bid to make novel materials that might be useful 

for storing, separating, or reacting industrial and other gases, a way 
to make porous substances using a building block found in nature looks set to 
bear fruit. By using the porphyrin molecule at the heart of the respiration 
process in plants and animals, a new type of metal-organic framework (MOF) 
material can be constructed. The MOF is investigated by iron K-edge x-ray ab- 
sorption and K-beta mainline emission spectroscopy measurements. Studies 
at the APS show the detailed structure of the pores in this solid, but sponge- 
like material and points to how it might be used to absorb other small molecules 
for catalytic conversions to make useful chemicals or even for solar energy 
conversion. 
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Fig. 1. Space-filling diagrams of the PCN-222(Fe) pores upon reduction with piperidine along with their K-beta x-ray emission spectra. 


Metal-organic frameworks are a 
relatively recent discovery. They are 
three-dimensional (3-D) materials 
formed from a network of metal ions in- 
terlinked by any of various organic 
compound molecules. The organic 
groups act as spacers that keep the 
metal ions apart and open up a regular 
pattern of structures within the solid. In 
many cases, this lattice contains holes 
and channels that are big enough to 
absorb small molecules. As such, ma- 
terials scientists have been searching 
for new MOFs by combining different 
metal ions with various classes of or- 
ganic compound to create new types of 
catalysts for speeding up otherwise in- 
efficient or energy-intensive manufac- 
turing processes for the chemical, 
pharmaceutical, and agrochemicals in- 
dustries. Other MOFs might selectively 
absorb one type of chemical and so 
could be used to separate different 
compounds from one another, acting 
as molecular sieves. Yet other types of 
MOF might be used to store explosive 
gases in a safe environment or even 
sequester carbon dioxide and other 
pollutants from exhausts to reduce 
greenhouse gas emissions. 

Fundamentally, the porous nature 
of these 3-D lattices endows those 
MOFs with a vast internal surface area 
relative to their overall volume, which 
gives them a significant advantage 
over many other types of storage ma- 
terial. Metal-organic surface areas can 
range from 1000 to 5000 m2/gm of ma- 
terial. Unfortunately, many MOFs are 
too fragile for practical purposes and 
either break apart or collapse when 
heated or put under pressure or chemi- 
cal stress. As such, scientists have en- 
deavored to find alternative building 
blocks that can be used to construct 
robust and stable MOFs. One such 
building block using porphyrin mole- 
cules hooked to metal ions have re- 
cently been the focus of investigations. 
Natural magnesium porphyrins are es- 
sentially the active sites in the photo- 
synthesis molecule chlorophyll, while 
iron porphyrin is the active site of he- 
moglobin, the protein in our red blood 
cells responsible for transporting oxy- 
gen in our bodies. 

A MOF based on an iron-porphyrin 
building block and known as PCN- 


222(Fe) has been built and modified 
using a reduction reaction with the or- 
ganic compound piperidine (Fig. 1). 
This system served as a model for in- 
termediate species along relevant po- 
tential catalytic pathways. X-ray studies 
at XSD beamline 20-ID-B,C at the APS 
and Beamline 2-2 at the Stanford Syn- 
chrotron Radiation Light Source, to- 
gether with UV-visible diffuse 
reflectance, infrared, and resonance 
Raman spectroscopy, show details of 
the internal geometry of this MOF. 

The studies notably reveal the in- 
fluence of pore size restrictions on the 
reactive state of the iron atoms within 
its porous structure. Choosing a partic- 
ular chemical structure for the metallo- 
porphyrin building blocks used to 
construct a MOF should allow re- 
searchers to adjust the size and shape 
of the pores that are produced in that 
material. The insights from this work 
will help others to determine what por- 
phyrin characteristics they should use 
to make a MOF for given application, 
whether storage, separation or cataly- 
sis. 

Intriguingly, PNC-222(Fe) itself 
contains two different types of chan- 
nels, or pores. This means there are 
two types of binding sites for gas and 
other molecules that might diffuse into 
the MOF and become chemically at- 
tached to the interior surface. The ana- 
lytical methods tested with this 
particular example MOF will be appli- 
cable to other MOFs with and without 
guest molecules held within the pores. 

— David Bradley 
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About Porphyrin 





Nature impresses with the intricacy and preci- 
sion in her designs, and teaches with the way she 
neatly applies a same basic concept to different 
situations. The molecule called porphyrin is one 
of those compounds with unique characteristics 
that are utilized cleverly at important points. A 
porphyrin is a rigid, square-planar molecule 
made of four pyrroles (a five-membered ring 
containing a nitrogen atom; image top left) con- 
necting to form a larger ring. The molecule is sta- 
bilized by the aromatic character which extends 
over its entire structure. A porphyrin has four of 
its nitrogen atoms facing the center, which can 
capture a metal ion to form a very stable 
organometallic complex. It turns out that this 
property of the molecule is closely linked with 
the way it is used in living systems. When form- 
ing a complex, many metal ions accept six coor- 
dinating ligands to assume an octahedral (a 
shape made of two pyramids attached at the 
bases) configuration (image top right). The ni- 
trogen atoms of a porphyrin occupy the four 
sites on the square plane of an octahedron, 
leaving two empty sites on the top and the bot- 
tom (bottom image). These two sites are then 
filled by the axial ligands, which are known to 
react in special ways. By using them, biological 
systems carry out a wide range of chemical re- 
actions. Source: http://www.org-chem.org / 
yuuki /porphyrin/porphyrin.html 


PEPTIDE. WRAPPING. AIDS. CATALYSIS 





Fig. 1. Peptides wrap around a gold nanoparticle, controlling its growth. X-ray analysis has shown 
how different peptides affect the underlying nanoparticle structure. The information could help opti- 


mize the search for effective catalysts. Image: Zak Hughes 
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peptide is a short chain of amino acids—a kind of "little cousin" 

to longer-chain proteins. In the body, peptides act as hormones 

and antibodies, and they are used by biologists to tag or identify 
proteins of interest. Perhaps surprisingly, they also find work in the field of 
nanofabrication. Certain peptides readily stick to metal nanoparticles, help- 
ing to control their growth. These peptide-wrapped nanoparticles have po- 
tential applications as catalysts for chemical reactions, but the factors that 
determine catalytic performance remain uncertain. An international team of 
researchers has now performed a detailed comparison of several catalyst 
candidates formed from different peptides attached to gold nanoparticles (Fig 
1). Using atomic-scale structural data obtained at the APS, the researchers 
built three-dimensional models of the peptide-nanoparticle ensembles and 
found that those with looser peptide attachments performed better as cata- 
lysts. This knowledge could help optimize selection of peptides for particular 


catalysis applications. 


In nanoparticle formation, peptides 
are added to a water-based solution 
containing metallic precursors. Reduc- 
tion of the metallic precursor initiates 
nanoparticle nucleation and growth, 
where peptides serve the role of cap- 
ping agents. That is, they attach to a 
single nanoparticle and prevent it from 
growing too large and precipitating out 
of solution. There are several advan- 
tages of using peptides in nanoparticle 
formation. The first is that the method 
works in water at room-temperature, as 
compared to other techniques that re- 
quire heating and environmentally un- 
friendly organic solvents. 

Another advantage of peptides is 
that they—and other biological mole- 
cules like DNA—offer a wide range of 
programmability. In trying to engineer a 
nanoparticle for a specific function, one 
can choose from a huge selection of 
peptides formed out of different combi- 
nations of the 20 commonly-used amino 
acids. As an example, a 10-amino-acid- 
long peptide can have over a trillion dif- 
ferent sequences. Not all these peptide 
possibilities form attachments to 
nanoparticles, but researchers have 
identified large sets of peptides that 
work as capping agents for nanoparti- 
cles of different metals. 

In regards to catalysis, different 
peptide-nanoparticle combinations are 
more effective than others, but the 
source of this variability is unknown. To 
investigate the properties that affect 
catalytic performance, the team se- 
lected 10 peptides that were previously 
studied for nanoparticle fabrication. Us- 


ing standard procedures, the re- 
searchers grew gold nanoparticles with 
the different peptides. The resulting 
"PEPCANSs" (peptide-promoted catalytic 
Au nanoparticles) were evaluated as 
catalysts in a common industrial reac- 
tion: 4-nitrophenol reduction. The differ- 
ent PEPCANSs helped drive the reaction 
with varying success, with the most ef- 
fective catalysts achieving a factor of 
two increase in performance. 

The researchers then submitted 
each PEPCAN to a detailed structural 
analysis. Samples were exposed to 
115-keV x-rays from the XSD 11-ID-C 
beamline at the APS and the diffraction 
patterns were recorded. The peaks in 
the data corresponded to the face-cen- 
tered cubic structure that is common for 
gold crystals. However, the peaks were 
broadened, suggesting that some of the 
gold atoms were out of place. To re- 
solve the internal structure, the team 
performed simulations that identified a 
model nanoparticle that reproduces the 
observed diffraction pattern. The results 
revealed that the peptide interaction 
produces disorder in the crystal struc- 
ture at the surface of the nanoparticle. 
The model nanoparticle was subse- 
quently used in a second round of simu- 
lations that determined the likely place- 
ment of peptides on the surface. This 
complete reconstruction was done for 
each of the PEPCANs. 

The final step involved looking for 
correlations between the catalytic per- 
formance and different structural prop- 
erties of the PEPCANSs. The one prop- 
erty that showed the strongest 


correlation was the so-called contact 
score, which is a measure of how long 
amino acids in a given peptide bind to 
the gold surface. The PEPCANS with 
the weakest contact score (least bind- 
ing) were those that performed best as 
catalysts. Using this correlation, one 
could potentially find even better cata- 
lysts by searching through the vast 
peptide library and finding candidates 
that are predicted to have very weak 
contact scores. Such a search would 
be computationally intense, but it would 
be faster than the current method of 
trial and error. — Michael Schirber 
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TRACKING THE ACTIVE COPPER SITES IN A 


CATALYTIC MINERAL 


hen copper ions exchange into a zeolite, the mineral be- 

comes catalytically active for the selective reduction of ni- 

trogen oxides, which are harmful gaseous environmental 
pollutants found in engine exhaust, into benign nitrogen. Copper-loaded 
zeolite catalysts are currently in commercial use on diesel vehicles, but 
many questions remain about the interplay between the composition of 
the zeolite, the reaction conditions, the active sites, and the catalytic 
mechanism. To understand zeolite dynamics, researchers performed 
operando x-ray absorption spectroscopy (XAS) experiments on Cu-zeo- 
lites under reaction conditions at the MR-CAT insertion device and bend- 
ing magnet beamlines at the APS and correlated the results with 
first-principles simulations. The findings reveal the importance of reaction 
conditions to the active site properties and structure, providing critical in- 
sight that is needed to tune catalytic activity. 
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Fig. 1. EXAFS spectra and corresponding first-principles models distinguish two structural types of ze- 


olite-supported Cu! ions. 





The particular zeolite of interest is SSZ- 
13, a nanoporous aluminosilicate con- 
structed of 4-, 6-, and 8-membered rings of 
silicon, aluminum, and oxygen atoms. Cop- 
per ions associate with the framework alu- 
minum centers. The structure of Cu de- 
pends on the number and arrangement of 
aluminum within the lattice and the oxidation 
state of the copper ions, among other fac- 
tors. To determine the relationship between 
composition, structure, and catalytic func- 
tion, the researchers synthesized and char- 
acterized zeolites with a range of elemental 
composition. They used the XAS technique 
at the MR-CAT 10-ID-B and 10-BM-A,B 
beamlines to measure the oxidation state of 
the copper species and evaluate their local 
geometric and electronic structures, as a 
function of the zeolite compositions. Compli- 
mentary x-ray absorption near edge absorp- 
tion (XANES) data, also collected at the MR- 
CAT beamline, was used to assess the 
copper oxidation state. The researchers 
identified and enumerated two types of alu- 
minum sites within the zeolite that determine 
the Cu active site structure: the 1Al site, a 
six-membered ring with one aluminum atom 
and five silicon atoms, and the 2Al site, a 
six-membered ring with two aluminum 
atoms and four silicon. 

Next, the researchers loaded copper 
ions into the zeolites and, again with XAS 
and XANES, studied how these metal ions 
embedded themselves into the zeolite min- 
eral. They found that the copper atoms pre- 
ferred exchanging at the 2AI site, where 
they took the form of Cul! ions to exchang- 
ing at the 1Al site, where they exchanged 
in the Cu''OH state. To assess the effect of 
environmental conditions on the Cu oxida- 
tion state and coordination environment, the 
researchers ran a series of first-principles 
simulations at varying conditions, including 
temperature, pressure, and reactant chemi- 
cal potential. 

The researchers compared these data 
to those collected experimentally, and found 
quantitative agreement. 

To assess zeolite behavior in a real- 
world scenario, the researchers next studied 
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CARBON-ENCAPSULATED IRON PARTICLES 
FOR LESS EXPENSIVE, MORE EFFICIENT FUEL CELLS 


uel cells are an important power source for an array of vehicles and 

other applications. However, the lack of cost-effective catalysts has 

prevented the use of fuel cells from spreading more widely. Iron- 
based non-precious metal catalysts have long been seen as an abundant, low- 
cost alternative to state-of-the-art platinum-based catalysts. Yet, such 
iron-based catalysts have remained out of reach due to challenges in identify- 
ing exactly which compound in the iron-containing, non-precious metal catalyst 
facilitates the oxygen reduction reaction. Researchers working at the APS used 
a sequential chlorine/hydrogen gas treatment to selectively remove all of the 
components of an iron-based catalyst that were not involved in oxygen reduc- 
tion, leaving a single type of particle as the catalyst’s active form: a carbon-en- 
capsulated iron nanoparticle. This discovery may improve catalyst function and 
lower production costs, leading to more efficient, less expensive fuel cells that 
can be useful in vehicles and other power-hungry applications such as backup 
power generators and satellites. 
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Researchers from the University of 
Illinois at Urbana-Champaign, Knox 
College, Argonne, Yeshiva University, 
and Kyushu University (Japan) demon- 
strated that a high-temperature (900° 
C) gas-phase chlorine treatment deacti- 
vated non-precious metal catalysts, 
while a high-temperature (900° C) hy- 
drogen treatment completely reacti- 
vated the catalysts (Fig. 1). They ob- 
served that iterative rounds of the 
treatments decreased the heterogeneity 
of the catalyst, which then allowed for 
the direct characterization of the 
species present in the deactivated and 
reactivated catalysts. 

The team of researchers then 
used Mossbauer and x-ray absorption 
spectroscopy (XAS), carried out at the 
9-BM-B,C beamline and MR-CAT 





Fig. 1. Effect of a sequential high-temperature chlorine /hydrogen treatment on the activity of an iron- 
containing non-precious metal catalyst. Metallic Fe and FeN, species are converted into dispersed 
FeCl.*xH,O that is then reformed into reduced Fe species by the H, treatment. The absence of FeN, 
sites in the H,-treated catalyst indicates that these sites are not required for the observed oxygen re- 


duction reaction activity. 


beamline 10-BM-A,B at the APS, to 
identify the active species in the cata- 
lyst. The former technique was used to 
investigate nuclear structure using the 
absorption and re-emission of gamma 
rays, while the latter technique was 
used to deduce the local atomic envi- 
ronment of a compound by analyzing 
the way the compound absorbs a 
spectrum of x-rays. 

The researchers observed that the 
untreated iron-based catalyst contained 
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copper speciation under the same 
working conditions used to catalyze 
the reduction of nitrogen oxide 
species. They used a custom-built re- 
actor at the APS designed to collect 
XAS spectra under catalytic conditions, 
with the goal of determining the oxida- 
tion state of copper sites during the se- 
lective catalytic reaction of NO with 
ammonia to N^. Again, the researchers 
performed simulations under the same 
set of conditions for comparison. The 
structure and dynamics of the copper 
ions were found to depend strongly on 
the reaction environment. For exam- 
ple, Cu ions are solvated by water at 
ambient conditions, but the hydration 
is lost at higher temperatures. Cu ions 
are also solvated by NH, under NO re- 
duction conditions, which importantly 
cause mobilization of copper ions 
within the zeolite framework. 

Together, the experimental data 
and simulations were used to develop 
a self-consistent picture of the reaction 
mechanism on copper ions in different 
local zeolite environments. Overall 
turnover rates and activation energies 
of the NO reduction reactions were 
similar on isolated Cu ions, regardless 
of zeolite framework. These findings 
have implications for the other 
chemistries catalyzed by Cu ions ex- 
changed in zeolites, including the par- 
tial oxidation of methane, a process 
that may someday be harnessed by 
scientists to generate chemicals and 
fuels from abundant raw materials. — 
Erika Gebel Berg 
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a combination of FeN, and reduced iron 
(Fe) species, making the direct charac- 
terization of the active species impossi- 
ble, as expected. However, following 
the chlorine treatment, the Mossbauer 
and XAS analyses indicated that the 
metallic Fe and FeN, species were con- 
verted into dispersed FeCl,*xH5O, 
which is then reformed by the H, treat- 
ment into iron nanoparticles encapsu- 
lated by a carbon shell that helps stabi- 
lize the reactivated catalyst (Fig.1). 

The researchers also used XAS, 
along with transmission electron mi- 
croscopy, to measure the size of the 
nanoparticles. Their size indicates that 
the nanoscale features of the iron parti- 
cles in the catalyst might contribute to 
their activity. Further experiments using 
x-ray photoelectron spectroscopy indi- 
cated that the surface of the carbon-en- 
capsulated iron nanoparticles were 
doped with nitrogen, which the re- 
searchers speculated could also in- 
crease the oxygen reducing activity of 
the catalyst. 


These findings may allow for the 
design and synthesis of purer forms of 
non-precious metal oxygen reduction 
catalysts with a higher loading of the 
active species. The research team will 
explore optimizing the catalyst nanopar- 
ticles by changing their size and in- 
creasing their abundance, using multi- 
component nanoparticles, and doping 
the surface of the catalyst with a variety 
of elements. 

Catalyst enhancements derived 
from these experiments could possibly 
bring down the price of fuel cells, mak- 
ing them cost-effective for more types 
of applications, including powering au- 
tomobiles. — Chris Palmer 
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BUBBLES GET IN THE WAY OF 


lectrolysis of water into hydrogen and oxygen is a promising way to 
store the energy from sunlight as a fuel that can be used on demand 
to generate electricity or replace hydrocarbons in transportation. 
Small semiconductor-based devices that perform this conversion have shown 
great practical potential. By examining the real-time progress of electrolysis in 
a micron-scale system by means of high-speed x-ray imaging at the APS, re- 
searchers have found that the generation of hydrogen bubbles on catalytic sur- 
faces can significantly inhibit further hydrogen evolution. The research 
indicates that the physical design of electrolytic devices is an essential factor 


in maximizing their efficiency. 


A prototypical device to turn sun- 
light into hydrogen combines a p-type 
silicon wafer, which captures photons 
and generates charge carriers, with a 
platinum catalyst that speeds electroly- 
sis. The device is immersed in a suit- 
able solution, such as sulfuric acid. The 
catalyst is essential, as electrolysis 
would be unacceptably slow without it, 
but the placement of the platinum in re- 
lation to the silicon can inhibit photon 
capture. Moreover, generation of hydro- 
gen bubbles creates a three-phase sys- 
tem, with solid, liquid, and gaseous 
components, and this complex environ- 
ment strongly influences the kinetics of 
the reactions taking place within it. 

A team of researchers from the 
University of Arkansas and Argonne set 
out to investigate how differences in the 
physical arrangement of the platinum 
affects the rate of hydrogen production. 
To isolate the effects of the semicon- 
ductor-metal surface on the gas-liquid- 
solid interface defining the bubble, they 
used a highly-doped silicon electrode to 
drive the reaction by simply cutting the 
silicon into small chips, 1.5 mm by 30 
mm, and on them placed platinum in a 
variety of patterns, from a continuous 
layer to discrete squares from 3 to 30 
um on a side. The chips were sealed 
into small vials filled with sulfuric acid 
and equipped with Kapton windows to 
allow passage of x-rays. 

Working at XSD beamline 32-ID-C, 
the team used high-speed phase-con- 
trast imaging, with micron-scale resolu- 
tion and a rate of 10 usec per frame, to 
track the production and evolution of 
hydrogen at the surface of the catalyst. 


ELECTROLYSIS 





Fig. 1. Phase-contrast x-ray images show bubbles of hydrogen created by electrolysis forming on 


and clinging to small platinum squares measuring 10 Um (upper sequence) and 30 Um (lower se- 


quence) on a side. 


In experiments on silicon chips with a 
continuous platinum coating, they ob- 
served two modes of bubble production: 
nucleation and growth of a single bub- 
ble, which detached from the surface on 
reaching a certain size; and nucleation 
of small clusters of bubbles, which 
merged before detaching. In either 
case, the researchers inferred the hy- 
drogen production rate from the sizes of 
the growing bubbles. The electrolysis 
rate followed Tafel kinetics, a standard 
formulation that quantifies the exponen- 
tially increasing electrolysis current with 
linear increases in electrochemical po- 
tential beyond the required thermody- 
namic potential (the overpotential). 

The team then examined silicon 


chips coated with small, discrete plat- 
inum squares. They developed software 
to recognize the edges of bubbles, infer 
their radius, and thus estimate hydro- 
gen production as a function of time. In 
these experiments, the rate of hydrogen 
production was significantly less than 
predicted by Tafel kinetics. Rather than 
increasing exponentially with a linear in- 
crease in overpotential, the gas produc- 
tion rate plateaued, indicating that the 
process was limited by the bubble 
blocking reactant access to the catalyst. 
The smallest catalysts showed consid- 
erable irregularity around the plateau 
value, as individual bubbles detached 
and new ones began to grow. 
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A MATERIALS SOLUTION TO BREAKING 
THE OXYGEN-HYDROGEN BOND 


ydrogen has vast promise as an energy carrier. It can be burned for 

heat or react in a fuel cell to make electricity, with water as the only 

byproduct. But free hydrogen doesn't exist naturally. To make a hy- 
drogen economy work, we need a way to produce the gas safely and affordably. 
Water, which is made of oxygen and hydrogen, would be an attractive hydrogen 
source if the oxygen-hydrogen bond could be easily broken. But splitting this bond, 
which is done electrochemically, takes a lot of energy. It quickly wears out the cat- 
alysts in the process and requires expensive noble metals such as gold or plat- 
inum. Less expensive metal compounds, such as cobalt and molybdenum 
sulfides, can also be used as catalysts, but the cobalt compounds tend to be un- 
stable and the molybdenum compounds are not catalytically active enough to be 
economically attractive. Materials scientists used the Advanced Photon Source to 
probe the structure of various cobalt- and molybdenum-sulfur compounds, and 
found that an amorphous material called a chalcogel that combined all three ele- 
ments overcame these limitations. The research could ultimately lead to better, 
less expensive catalysts that bring the hydrogen economy closer to reality. 


Researchers from Argonne, Northwest- 
ern University and the University of Ljubljana 
(Slovenia) first took commercially available 
crystalline molybdenum sulfide and cobalt 
sulfide and compared them to the amor- 
phous molybdenum- and cobalt sulfur 
chalcogels (MoSx, CoSx and CoMoSx, 
where x = 4 to 6), using the APS to deter- 
mine their structure and catalytic activity. 
Comparing the crystalline sulfides with the 
chalcogels revealed significant structural dif- 
ferences: the chalcogels had irregular num- 
bers of sulfurs connected to each cobalt or 
molybdenum atom, and the distances be- 
tween the sulfur and metal atoms varied 
quite a bit; in contrast, the crystalline sul- 
fides had regular structures and molecular 








organization. Fig. 1. The molybdenum chalcogel (a) is much more densely structured than the cobalt chalcogel 

The team used XSD beamline 12-BM-B (b), which has an open structure with an occasional cobalt-cobalt connection. The cobalt-molybde- 
to perform extended x-ray absorption fine num-sulfur chalcogel (c) consists of Mo3S13 clusters connected by CoS6 octahedra in a moderately 
structure analysis on the chalcogels. And dense, compact arrangement. 


they used XSD beamline 11-ID-B to do rapid 
acquisition-pair distribution function analy- 
ses. The APS x-ray source produces a high 
density of very bright photons, making it 
easy to get good data for the measurements 
in just a few minutes of experimentation, and 
the beam lines are set up for just these 
types of experiments. In this case, the data 
showed that the CoSx chalcogel was struc- 
tured quite differently than the CoMoSx 


chalcogel; both compounds tended to 
show the cobalt closely associated with 
six sulfurs, but the CoSx showed many 
cobalt-cobalt interactions as well. Those 
interactions were very unusual in the 
CoMoSx chalcogel (Fig. 1). 

The overall structure of all the com- 
pounds was porous, with lots of surface 
area upon which catalytic splitting of 
water could take place. 

Through other experiments, the 
team found that molybdenum sulfide is 
35 to 40 times more stable than cobalt 
sulfide. But combining the molybdenum 
and cobalt together in the CoMoSx 
chalcogels increased cobalt-sulfur sta- 
bility by five times without reducing the 
stability of the molybdenum sulfur clus- 
ters at all. This MoCoSx chalcogel was 
catalytically active in both acidic and al- 
kaline environments. This is important 
because local acidity and alkalinity vary 
dramatically at the nanoscale whenever 
water molecules are split. 

The work showed that a well-de- 
signed chalcogel that blends the highly 
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catalytic CoSx building blocks with the 
more stable MoSx units can create a 
low cost alternative to noble metal cata- 
lysts. This makes them promising can- 
didates for hydrogen evolution reac- 
tions. The researchers next plan to try 
other, more common transition metals 
such as iron and nickel, in order to im- 
prove the reactivity and stability of the 
chalcogels. — Kim Krieger 
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Close examination of x-ray images 
revealed that hydrogen bubbles grew 
considerably larger than the size of the 
catalyst squares, and clung on for an 
unexpectedly long time before detach- 
ing (Fig.1). The researchers argue that 
in acidic conditions, the bubble surface 
adsorbs protons and acquires a net 
positive charge, creating an electro- 
static attraction to the silicon cathode. 
Estimates of the molecular current den- 
sity corresponding to hydrogen produc- 
tion were consistent with the idea that 
when a large bubble remains stuck to a 
small catalyst, the electrolysis reaction 
is mostly confined to the perimeter of 
the platinum square. In the interior, 
where only a thin liquid layer exists be- 
tween the bubble and the electrode, hy- 
drogen generation is largely sup- 
pressed. 

The results of these studies thus 
lead to a cost-benefit problem. Covering 
an electrode with a patchwork of dis- 
crete catalyst sections leaves the rest of 
the silicon exposed for the task of cap- 
turing photons, but the formation and 
persistence of bubbles on the small cat- 
alyst areas inhibits electrolysis. The re- 
searchers conclude that the physical or- 
ganization of materials can be as 
significant as the specific catalyst mate- 
rial for the efficient conversion of sun- 
light into hydrogen. — David Lindley 
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LIGHT THE WORLD 


n 1879, Thomas Edi£ón invented à commercially practical incan- 

descent lightbulb. Despite the tremendous success of Edison’s in- 

vention and the passage of almost 150 years, modern incandescent 
lightbulbs are not energy efficient —less than 10% of the energy supplied 
to the bulb is converted to visible light. Compared i h incandescent light- 
ing, however, solid-state lighting such as the light-emitting diode (LED) 
lasts about 50 times longer and provides three or more times the lumi- 
nous efficacy while using 80% less energy. For the solid-state lighting ap- 
plication, a semiconductor nanocrystal (“quantum dot”) of indium 
phosphide (InP) is a promising material because its properties have the 
potential to give blue LED-based lightin the appropriate color rendering 
to compete aesthetically with incandescent li |hting. However, current syn- 
thesis methods of this material have very poor photoluminescence yields, 
less than 1%. The researchers.in this study report achieving yields with 
InP particles of 10% to 50% Jition of a Lewis acid (cadmium 
oleate or zinc oleate). To form a better erstanding of the mechanism 
behind this improvement, they characterized the structure and composition 
of both the core and surface of Lewis-acid-modified InP quantum dots by 
using x-ray absorption measureme Its a the APS, as well as other char- 
acterization techniques. This res arch could lead to more widespread 
adoption of solid-state lighting, herb fimproeving global energy efficiency. 
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Fig. 1. Color tunability of modified InP quantum dots (left). The extended x-ray absorption fine structure 


spectra on the right show experimental and quantitative fits (yellow curves) of the first coordination shell. 


Spectra obtained at the APS. 


For synthesis of the InP quantum 
dots, P(SiMe;,), is injected into a hot so- 
lution (315° C) of indium oleate. Particle 
nucleation and growth occurs rapidly, 
where the continuous size increase is 
monitored by ultraviolet-visible spec- 
troscopy. The InP solution is post-syn- 
thetically modified through thermal 
treatment with metal carboxylates. 
Heating zinc or cadmium oleate with 
InP quantum dots at 200° C for several 
hours resulted in photoluminescence 
quantum yields of 10%-20% with zinc 
and 20%-50% with cadmium, significant 
improvements over that with current 
synthesis methods. Notably, in addition 
to photoluminescence turn-on, the au- 
thors found that the absorbance and 
emission maxima blue-shifted with zinc, 
and red-shifted with cadmium. 

The possibility of cadmium/zinc al- 
loying or shell growth were considered 
as explanations for the perceived opti- 
cal shifts, but structural characterization 
indicated that particle sizes were con- 
served post-modification. Additionally, 
the InP lattice was retained as indicated 
by powder x-ray diffraction. Purification 
of these luminescent particles revealed 
the presence of In O, by-products, indi- 
cating the likely displacement of surface 
indium carboxylates that could ther- 
mally decompose into In,O, nanoparti- 
cles. Thus, the authors investigated a 
mechanism in which exogenous metals 


exchanged with surface indium. 

Transmission and fluorescence x- 
ray absorption measurements of the 
samples were acquired at the MR-CAT 
10-BM-A,B beamline at the APS. Figure 
1 shows examples of extended x-ray 
absorption fine structure spectra col- 
lected for each metal species in the 
quantum dots. The orange, red, and 
green curves, which represent indium, 
cadmium, and zinc, respectively, show 
the distance to the nearest neighbor 
atoms (x-axis) with contributions to 
peak shape from coordination number. 
Quantitative fitting (yellow curves) re- 
quired a combined environment of 
metal oxygen and metal phosphide in 
order to accurately represent the exper- 
imental data, verifying the authors’ hy- 
pothesis that Zn?* and Cd?* were coor- 
dinated to the particle surfaces (Fig. 1). 
In addition, chemical etching experi- 
ments demonstrated that metal car- 
boxylates could be stripped from the 
surface, and the photoluminescence 
would be effectively quenched. These 
analyses indicate that cadmium and 
zinc carboxylates predominantly dis- 
place native In?* from the quantum dot 
surface to bind to phosphide, and that 
this effect is largely responsible for the 
observed photoluminescence boost. 

A key finding was the ability to tune 
the absorbance and emission profiles of 
the quantum dots with no apparent 


change in particle size. Importantly, the 
ability to color tune the luminescence of 
InP quantum dots without an associ- 
ated change in particle size may offer a 
versatile strategy to access novel mate- 
rials for solid-state lighting. Further ex- 
amination of other metal ions than Zn?* 
and Cd% is essential to formulate a 
complete picture regarding the mecha- 
nism and scope of the improved yield 
and tunability. — Joseph E. Harmon 
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STRAINING IS BETTER FOR 
CATALYTIC REACTIONS 


atalysts speed chemical reactions without undergoing change 
themselves. Reactions that might have been too slow to be worth- 
while on their own often become economically attractive once a 
catalyst is added; they're essential to the fast, efficient operations of oil re- 
fineries and industrial chemical manufacturing. Most catalysts work by provid- 
ing a favorable spot for a reaction to take place. They may bring the two 
reactants closer together in the correct orientation, polarize a bond making it 
more likely to break, or form intermediate chemical species that would not oth- 
erwise form naturally. Catalysts often include precious metals such as gold 
and platinum. Because the activity of a catalyst depends on its surface area, 
industrial processes already maximize the surface area to reduce the amount 
of catalyst necessary to shepherd the reaction. To make the process any bet- 
ter, other methods will be needed. Using several techniques at the APS and the 
Argonne Center for Nanoscale Materials, researchers took an atomic-level look 
at how reactions strain the surface of gold nanoparticles acting as catalysts in 
the decomposition of ascorbic acid (Vitamin C). This is the first step in under- 
standing how strain—deformation of the normal pattern of atoms—on the sur- 
face of a catalyst could make it better at facilitating chemical reactions. 








Gold is a common catalyst, often 
used in catalytic combustion of fuels, 
removing noxious hydrogen sulfide and 
sulfur dioxide from more useful gases, 
and speeding oxidation in many differ- 
ent reactions. It also has properties 
similar to heavy metals that can poison 
biological systems by, for example, in- 
terfering with ascorbic acid, but is gen- 
erally safe to work with. Gold is also 
very stable and electron-dense, so it re- 
flects x-rays well and made a good sys- 
tem with which to study a new 
phenomenon. 

The team of researchers from the 
University of California, San Diego, Ar- 
gonne, the SLAC National Accelerator 
Laboratory, the Deutsches Elektronen- 
synchrotron (Germany) and the Univer- 
sity of Melbourne obtained 
three-dimensional (3-D) images of gold 
nanoparticles in the process of catalyz- 
ing ascorbic acid decomposition. They 
used Bragg coherent diffractive imaging 
at the XSD 34-ID-C x-ray beamline at 
the APS. The 34-ID-C beamline is the 
only one at APS specifically designed 
for Bragg coherent diffractive imaging. 
The x-ray source is tens of meters dis- 
tant from the detector, and the line has 
very bright x-rays that are exactly in 
phase with each other (coherent). The 
researchers mixed gold nanoparticles 
with ascorbic acid and took measure- 
ments for more than an hour, starting 
before the reaction began and running 
until after it was over. 

“Straining” cont'd. on page 108 


Fig.1. The expanded section of the image 
shows a strained section of the gold nanoparti- 
cle interacting with an ascorbic acid atom. 
Each shade of color indicates displacement of 
gold atoms, in O.1 angstrom units; the dark 
blue atoms are not displaced at all, the light 
blue atoms are displaced 0.1A, the green 
atoms 0.2A, the yellow atoms 0.3A, the orange 
0.4A and the maroon 0.6A. Image: A. Ulvestad 
et al. From J. Phys. Chem. Lett. 7, 3008 (2016). 
© 2016 American Chemical Society 


WHAT MAKES A GIANT MOLECULE STABLE? 


olyoxometalates (POMs) are giant molecules, a few nanometers 

across, with various morphologies and compositions. Created in 

multi-hour chemical syntheses from small molecular reactants, they 
can have tunable redox and surface properties that make them useful as cat- 
alysts, as well as electric and magnetic properties with possible applications in 
nanomaterials. Until now, however, the formation mechanism of POMS has 
been poorly understood. By combining small-angle x-ray scattering at the APS 
and neutron scattering techniques, a team of researchers has now provided a 
clearer picture of the structure of these complex species and has also inferred 
a formation process that goes through three distinct stages, leading to crys- 
tallization. The findings should make it easier to devise synthesis routes for 
creating POMs with desirable customized characteristics. 
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Fig. 1. Schematic of the reaction mechanism leading to the formation a giant polyoxometalate. The 
core component, a complex silicon-molybdenum oxide, reacts with molybdenum oxide and iron ion in 
acidic solution. Over the course of 24 hours or more, a shell forms around the core and the core-shell 


structure eventually crystallizes. 


The researchers from Oak Ridge 
National Laboratory (ORNL), the Uni- 
versity of Tennessee, and Argonne Na- 
tional Laboratory focused their atten- 
tion on POMs with a core-shell 
structure. The shells of such POMs 
consist of transition metals linked into 
a framework connected together by 
oxo ligands. When such a shell en- 
closes a core, typically also consisting 
of metal oxides, it results in what is 
known as a Keggin structure. Synthe- 
sis of POMs follows a standard route, 
in which the ionic core structure, al- 


ready made, is placed in an acidic so- 
lution of transition metal oxides or 
ions. The core-shell structure precipi- 
tates out as a Salt in a process that 
can occupy 24 hours. Mass spectrom- 
etry of samples from such reactions, 
taken at various times, have given 
some clues as to the nature of inter- 
mediate structures involved in the syn- 
thesis, but the sample extraction and 
preparation steps necessary for such 
studies cast doubt on whether the 
structures found are truly building 
blocks of the finished POM. 


The researchers chose to study a 
representative POM consisting of a sil- 
icon-molybdenum oxide core within an 
iron-molybdenum oxide shell (Fig. 1). 
The shell contained 72 molybdenum 
atoms and 30 iron atoms, and meas- 
ured 2.5 nm in diameter. They used 
small-angle x-ray scattering (SAXS) at 
XSD x-ray beamlines 12-ID-B and 12- 
ID-C,D at the APS, along with elastic 
and inelastic neutron scattering con- 
ducted at the U.S. Department of En- 
ergy’s (DOE’s) Spallation Neutron 
Source at ORNL, to follow the synthe- 
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sis reaction /n situ. 

The SAXS measurements, on re- 
actant solutions in quartz capillaries, 
provided a spatial resolution up to 40 
nm and time resolution better than O.1 
s. First, the team studied POMs that 
had crystallized in their final state in 
order to determine the location of the 
core within the shell — not an easy task 
since the orientation of each core within 
its shell is random. By using an iterative 
modeling procedure that computed 
SAXS signals in which the cores had all 
possible alignments and were dis- 
placed by small distances from the cen- 
ters of the shells, the researchers found 
a best fit to the result when the cores 
were strictly central in the structures. 

"Giant" cont'd. on page 108 
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From this data, they constructed 
the first detailed 3-D pictures of the 
strain a gold particle goes through dur- 
ing a chemical reaction on its surface. 

But the researchers could only 
see the gold, not the ascorbic acid, 
using x-rays during the reaction. They 
needed another piece of data to under- 
stand what was actually happening to 
the ascorbic acid at the strained sites 
on the gold. So they compared their 
data with simulations run by re- 
searchers at the Center for Nanoscale 
Materials. The simulations let them 
identify exactly what the ascorbic acid 
was doing when the gold was strained 
in a specific configuration, down to 10- 
nm resolution. From that data, the re- 
searchers could start to guess which 
strains facilitated the decomposition 
reaction. 

Because the strain corresponds to 
the position of atoms on the gold sur- 
face, and because gold catalyzes re- 
actions by putting chemicals in a good 
position to react, it might be possible 
to enhance gold's catalytic activity by 
changing how it is strained. That might 
increase the number of spots on the 
gold's surface favorable to reactions, 
or even show chemists how to encour- 
age certain reactions and discourage 
others. 

The researchers say the next step 
would be to look at many different 
crystals, both of gold and other cata- 
lysts, to better understand how strain 
states affect catalysis. — Kim Krieger 
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Time-resolved SAXS studies 
made it possible to track the formation 
of the POMs over many hours. About 

2.5 h after the reaction started, signs 
of shell formation began to appear. 
(When the reactants were mixed to- 
gether without the cores, no shell 
structures appeared even after 24 h). 
The concentration of shells gradually 
increased, but at the 19-h mark, struc- 
ture factor analysis indicated that they 
were systematically staying away from 
each other. Only after that time, when 
the shell concentration had increased 
to a presumably critical value, did the 
structures begin to collect together in 
crystalline form. Measurements of 
some samples about two weeks after 
synthesis showed the same structure, 
indicating the long-term stability of the 
POMSs in aqueous solutions. 

While the SAXS experiments re- 
vealed how the metal ions came to- 
gether in the structures, the neutron 
scattering studies focused on the pres- 
ence and location of water molecules. 
Two significant results emerged. 
Quasi-elastic scattering indicated the 
presence of water molecules that were 
mobile, but more sluggish than those 
in plain water. The researchers con- 
cluded that there are water molecules 
confined between the core and the 
shell, but able to move within this re- 
stricted space. In addition, inelastic 
peaks in the neutron scattering spectra 
pointed to the presence of fixed water 
molecules, which the team inferred are 
incorporated into molecular bridges 
that link core and shell. Both types of 
water molecule, they say, contribute to 


the structural stability and longevity of 
the POMs. 

This new insight into the mecha- 
nism by which POMs form should 
make it easier to devise structures with 
different compositions and symmetries, 
opening up possibilities for applica- 
tions such as novel chemical catalysts 
or single-molecule magnets for digital 
memories. — David Lindley 
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IN THIS CONTAMINATION-RESISTANT CATALYST, 


EVERY PT ATOM IS AN ACTIVE SITE 


very material has a weakness; platinum (Pt) has at least two. It is expensive and 

it is easily contaminated by carbon monoxide (CO). Carbon monoxide poisoning 

has dogged the makers of fuel cells and hydrogen conversion devices for electric 
cars, emergency power generators, portable electronics, and more since the first prototypes 
appeared. Contamination in fuel cells can diminish performance via sluggish electrode ki- 
netics, conductivity, and mass transfer, which results in a dramatic performance drop, par- 
ticularly at low temperatures. With cost in mind, researchers have recently worked to define 
catalysts with the least possible concentration of Pt. It turns out that it doesn’t take much Pt 
to make a Pt catalyst—just a few isolated atoms embedded in a sea of other materials. These 
catalysts are called “single-atom alloys,” or SAAs. Researchers used the APS to test SAAs 
of Pt embedded in copper, and found that the catalyst is not only low in Pt, but also ad- 
dresses the problem of CO poisoning. Thanks to this new catalyst configuration, industrial 
processes that depend on Pt can run more efficiently and at lower cost. This work presents 
a solution to address CO contamination within a solution to address Pt concentration; it is a 


clever two-for-one. 
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Fig. 1. a) Fourier transform of k>-weighted Pt L EXAFS of Pt foil and Pt oog CU-SAA in CO and H, gases 
mixture plotted in R-space. b) IR spectra in the carbonyl range of pre-reduced Pt). ),Cu-SAA. Real cata- 
lyst data for isothermal H,-D, exchange over (c) Pt-NP and (d) Pt, oog CU-SAA at 150°C. 
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Prized for its corrosion resist- 
ance, density, ductility, high melting 
point, and chemical stability, Pt is 
also rare and difficult to mine. It is 
notorious for losing catalytic perform- 
ance when exposed to even trace 
amounts of CO, a common compo- 
nent in hydrocarbon processing. To 
function well, a catalyst must provide 
plenty of surface sites for reaction 
components to interact, but a high 
surface material also provides plenty 
of contiguous sites for potential con- 
tamination. 

The researchers in this study, 
from Tufts University, Argonne, and 
the University of South Carolina, de- 
termined the binding strength of CO 
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Fig. 1. Beamline 11-ID-B data show "metal oxide" nodes present in UiO-66 and NU- 
1000. The distortions in their structures that appear as they are heated are similar to 


the well-known changes seen in the bulk mineral zirconia. 
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nderstanding the parallels between how metal oxides 

behave as bulk compounds and how they behave as 

the few atom cluster components of important porous 
materials known as metal-organic frameworks (MOFs) could point 
to new ways to use these materials for gas storage, separation, 
and catalysis in the chemical industry, and even for destroying 
chemical weapons such as toxic nerve agents. Researchers work- 
ing at the APS have recorded in situ -ray scattering data suitable 
for pair distribution function (PDF) and diffraction analyses and 
coupled this with density functional theory (DFT) computations to 
investigate the behavior of two related MOFs, UiO-66 and NU- 
1000. Both of these MOFs contain the same "metal oxide" clusters 
of six metal ions, that are connected in different ways by organic 
linker molecules. The metal can be zirconium (Zr) or hafnium (Hf). 
These experiments showed that the metal-oxide clusters distort 
when heated to temperatures at which these MOFs are often 
used. Having an atomic-scale picture for the mechanism by which 
these structural changes occur, and why, will be critical to appli- 
cations of these and putatively other MOFs that contain these 
same metal-oxide clusters linked in a variety of ways. This re- 
search also underscores some fundamental aspects about the 
structural characteristics of the metal oxide units in MOFs. 


Metal-organic frameworks are synthetic materi- 
als, solids in which individual metal ions or metal 
oxide clusters are connected together in a three-di- 
mensional lattice linked by organic molecules. The 
specific metals, their characteristics, and the size 
and shape of the organic linkers endow different 
MOFs with different properties. The long linkers can 
leave hollows, pores, and channels within the 
MOFs that, like their natural mineral counterparts 
the zeolites, can absorb, or more technically ad- 
sorb, small molecules that diffuse into the channels 
and stick to the surface inside. 

This adsorption has led to research focusing 
on potential applications of MOFs including safe 
storage of hazardous gases such as hydrogen. The 
specific chemistry of a given MOF makes it selec- 
tive for the adsorption of some chemicals and not 
others, such that some MOFs can be used as mo- 
lecular-scale sieves to separate one gas from an- 
other, oxygen from air for instance. The reactivity of 
the MOF components can also make their internal 
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to isolated Pt atoms, and Pt atoms in 
clumps, surrounded by copper (Cu) 
metal. They reacted these configura- 
tions with small amounts of CO in real 
time at elevated temperatures and ob- 
served how the materials changed and 
at what temperatures the CO desorbed, 
using a variety of infrared, electron, and 
x-ray techniques (Fig. 1), including x- 
ray absorption spectroscopy (XAS) per- 
formed at XSD beamline 12-BM-B at 
the APS. As expected, CO adsorbed 
more weakly to Pt-Cu SAAs than Pt-Cu 
alloys that contained Pt clusters. 

In traditional Pt catalysts, CO read- 
ily attaches to Pt atoms, blocking sites 
needed for hydrogen activation. But 
groups of metal atoms function differ- 
ently from single atom sites. Larger CO 
molecules trying to squeeze onto a sin- 
gle Pt atom is rather like a large pickup 
negotiating a parking space meant for 
compacts—it doesn't happen easily. 
And with fewer Pt atoms blocked by CO 
molecules, more are available to facili- 
tate reactions. 

These results suggested that Pt 
SAAs should work more efficiently in 
hydrogen activation and oxidation reac- 
tions than other Pt catalyst configura- 
tions. The researchers then performed 
tests to determine if what was sug- 
gested would actually work, and they 
were rewarded with a positive result. 
With the same CO concentration in the 
gas phase, the Pt-Cu SAA yielded 12 
times more hydrogen than Pt nanoparti- 
cle catalysts. — Jenny Morber 
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surface area a reaction bed for cat- 
alytic reactions where two molecules 
may be adsorbed and react, or a single 
molecule, such as a toxic nerve agent, 
might be adsorbed and find itself con- 
verted into harmless decomposition 
products when heated inside the MOF. 
Critically, data obtained at the APS 
on XSD beamline 11-ID-B by re- 
searchers from the Inorganometallic 
Catalyst Design Center, a DOE Energy 
Frontier Research Center, show that for 
the particular "metal oxide" nodes pres- 
ent in UiO-66 and NU-1000 prepared by 
researchers at Northwestern University, 
the distortions in their structures that 
appear as they are heated are similar to 
the well-known changes seen in the 
bulk mineral zirconia, zirconium dioxide. 
Indeed, the distortions can be mapped 
to the different crystalline, polymorphic 
forms of zirconia. However, the data 
show that these distortions occur in the 
MOF framework at much lower temper- 
atures than occur in the bulk mineral. 
This difference can be explained as be- 
ing due to the nanoscopic nature of 
MOF nodes as opposed to what is es- 
sentially an infinite, three-dimensional 
lattice within the bulk zirconia crystals. 
Complementary computational studies 
by researchers at the University of Min- 
nesota further illuminated this behavior 
Given that it is the strength and 
stability of the chemical bond between 
zirconium and oxygen atoms that in- 
spired the use of the "zirconium oxide" 
cluster to make more stable MOFs, it is 
surprising that the cluster distorts at 
such mild temperatures and without ob- 
vious change to the three-dimensional 
MOF structure. This finding could be 
critical to the ongoing use of these 
MOFs in catalysis and other applica- 
tions. The distortion of the structure of 
the nodes within a MOF from their regu- 
lar, symmetric octahedral arrangement 
is intriguing and does not lead to the 


collapse of the structure, rather the op- 
posite. Thermal treatment of NU-1000 
distorts the nodes, which changes the 
chemistry of the surface available for 
catalytic reactions, leading to a twenty- 
fold increase in activity of this material 
for the hydrolytic degradation of chemi- 
cal warfare agents, including G-type 
nerve agents. 

It is likely that the cluster nodes of 
other MOFs may well undergo distor- 
tions on heating to quite mild tempera- 
tures. Some of those distortions may 
hold the key to new useful properties as 
seen here for the NU-1000 distortion. 
What is emphasized from the perspec- 
tive of fundamental science is that the 
metal oxide units in MOFs are not the 
rigid, rock-solid structural units they had 
been assumed to be. — David Bradley 
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LiFE SCIENCE 





Olga Antipova, assistant physicist and beamline scientist with the XSD Microscopy Group at 
the APS, places a sample in the x-ray fluorescent microprobe at the XSD 2-ID-E beamline. 
This instrument is used for imaging and quantification of various elements in biological and 
other samples, which is critical for understanding numerous normal and pathological 
processes. 


UNEARTHING THE MECHANISM OF THE FRANK-STARLING LAW, 
A CENTRAL REGULATOR OF HEART FUNCTION 
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he Frank-Starling law of the heart is a basic physiological principle 

first observed more than 100 years ago. It describes how the heart 

is able to move blood through the body in a regulated way by pump- 
ing out as much blood as it receives. To understand the nature of the molecu- 
lar mechanism underlying this important regulatory process, researchers from 
Loyola University together with colleagues from the Illinois Institute of Tech- 
nology and the University of Wisconsin-Madison conducted x-ray diffraction 
experiments at the APS to examine myocardial muscles of rats deficient in 
length-dependent activation (LDA) of muscle fibers in the heart. Their work 
shows that the protein titin is critically important for transmitting the stretch-in- 
duced signals within the hearts muscles known to impact the strength with 
which the heart contracts. This work not only solves a piece of the mystery of 
how the Frank-Staring law determines cardiac function, but provides an av- 
enue for targeted development of drugs to treat heart failure. 


The Frank-Starling law states that 
the extent to which the heart's ventri- 
cles (and resident muscle fibers) are 
stretched when filled with blood during 
the diastolic phase of the cardiac cycle 
is directly related to the force with 
which the heart is able to pump blood 
into the aorta during systole (contrac- 
tion). This balance is critical for heart 
function, and is disrupted in patients 
with heart failure. In these patients, the 
heart is not able to move the blood that 
fills the ventricles during diastole 
through the heart so that it can be suffi- 
ciently oxygenated. 

Within the walls of the ventricles, 
muscle fibers are comprised of striated 
muscle tissue called sarcomeres. Each 
sarcomere houses contractile proteins 
arranged into bundles of thin and thick 
filaments made primarily from proteins 
myosin and actin, respectively. When 
these filaments interact, the muscle 
contracts, generating force. Previous 
research showed LDA of sarcomeres 
results from an enhanced response of 
the contractile proteins to the local con- 
centration of calcium, and that the pro- 
tein titin, which helps muscles spring 


Fig. 1. A typical two-dimensional x-ray diffrac- 


tion pattern of heart muscle, obtained at the 
Biophysics Collaborative Access team beamline 
at the APS. Meridional reflections (horizontal, 
yellow) arise from thin and thick filament pro- 
teins. Stretching of these fibers can change the 
spacing and/or intensity of these reflection, al- 
lowing researchers to observe changes within 


the heat's muscle on a nanometer scale. 


back after stretching or contracting, is 
important for mediating this effect. In 
fact, mutations in titin are known to dis- 
rupt the Frank-Starling Mechanism. The 
nature of titin's involvement, however, 
and the reason why muscles, given the 
same amount of calcium, exert more 
force when stretched farther, remained 
unclear. 

In this study, the researchers used 
high-brightness x-rays and the x-ray dif- 
fraction technique at the Bio-CAT x-ray 
beamline 18-ID-D at the APS to ob- 
serve sarcomere-length induced 
changes in muscle filaments that har- 
bored either normal (WT) or mutant 
(HM) titin (Fig. 1). 

Their results revealed that the 
length-dependent changes observed in 
the x-ray diffraction reflections were 
present only in the normal, WT, muscle. 
This means that transmission of the 
“length signal” in the sarcomeres that 
occurs during filling of the ventricles, 
depends upon titin to induce the struc- 
tural alterations in the thick and thin fila- 
ments that drive the force of the 
contraction. Further, these rearrange- 
ments correlate with the degree of titin 
strain, supporting the central role of this 
protein in the Frank-Starling law. 

These findings represent a signifi- 
cant advancement in our understanding 
of cardiac function and pave the way 
for future work that may lead to tar- 
geted development of therapies for pa- 
tients with heart failure. 

— Emma Nichols 
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HUNTING FOR TRACE ELEMENTS IN THE 
ZEBRAFISH EMBRYO 
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Fig 1. Three-dimensional visualization of the zinc and iron distribution in a zebrafish embryo by x-ray 
fluorescence tomography at the 2-ID-E beamline at APS 48 h after fertilization. Left: Three-dimen- 
sional rendering of the embryo revealing the inside of the embryo across two virtual slices. Middle: 
Zinc and iron distribution across each of the two slices shown in the rendering on the left. Right: Over- 
lay of the zinc (green) and iron (blue) distribution indicating mostly mutually exclusion of locations with 


high concentrations. 


ne lingering question in the field of developmental biology is ex- 

actly how trace metals, such as zinc and iron, are used by a grow- 

ing embryo. It is well known that these nutrients are key 
components of many enzymes and proteins that play critical roles in cellular 
proliferation, differentiation, and embryonic development. Zinc and iron are im- 
portant for the healthy function of all cells, but some organs and tissues have 
increased demands for these metals to perform their specialized roles. At pres- 
ent, it remains unclear how these trace nutrients are redistributed to reach their 
target sites during early development. To investigate this question, a team of 
researchers used data gathered from the APS to visualize zinc and iron in ze- 
brafish embryos at the onset of the hatching period, a critical period for devel- 
opment of many organs including the heart, liver, and eye. Their findings 
provide new insights into this early time in development and could eventually 
provide crucial information into why development might go awry. 


sion, the structures that feed the ze- 
brafish embryo until it is ready for other 
food after hatching. About 83% of the 
total zinc content of each embryo was 
contained in these structures. Con- 
versely, iron concentrations were high- 
est in the myotome, the part of the em- 
bryo that will eventually develop into 
skeletal muscles, and portions of the 
brain. The liver was another iron-rich 
organ, while the tip of the tail and the 
single atrium of the embryonic heart 
were distinctly rich in zinc. 

The basis for many of these find- 
ings can be explained from prior re- 
search, the researchers note. For ex- 


In the past several years, zebrafish 
(Danio rerio)—a popular freshwater 
home aquarium species—has also 
gained popularity as a laboratory model 
to study basic biology and genetics. De- 
spite the obvious differences between 
humans and zebrafish, the two species 
have much in common: About 70% of 
human genes have homologs in the ze- 
brafish. These animals also display a 
similar pattern of early embryonic devel- 
opment, going through many of the 
same distinct stages as humans while 
they mature. 

Taking advantage of this homology, 
the research team from the Georgia In- 


stitute of Technology used micro x-ray 
fluorescence tomography to identify the 
locations of the highest concentrations 
of zinc and iron during the hatching pe- 
riod. Two days after fertilization, at the 
onset of the hatching period, the re- 
searchers embedded zebrafish em- 
bryos in resin, and excised the speci- 
men with a laser beam to limit 
attenuation of the high-intensity x-rays 
used in tomographic imaging. Then, 
with Argonne scientists and x-rays from 
the XSD 2-ID-E beamline, the re- 
searchers scanned the embryos to re- 
veal unique three-dimensional "finger- 
prints" of the trace elements present 
(Fig. 1). 

Their analysis showed that the lo- 
cations with the highest zinc and iron 
concentrations were mostly mutually 
exclusive. Zinc concentrations were 
greatest in the yolk sac and yolk exten- 


ample, it makes sense to find iron in the 
liver since this organ is well known as a 
major storage site for ferritin, the pri- 
mary protein responsible for intracellu- 
lar iron storage and release. However, 
the reasons behind other findings are 
less clear and will require further study. 

The scientists add that they re- 
cently performed a similar study that in- 
vestigated the concentrations of these 
trace elements 24 h after fertilization. 
They plan to continue studying other 
key points in development using similar 
methodology to reveal how zinc, iron, 
and other trace elements redistribute 
during embryogenesis. 

Understanding which organs are 
using these elements, and in what con- 
centrations, could shed light on the role 
of trace metals in healthy development. 
These findings could also eventually 
help researchers to understand what 


happens when there is an insufficient 
supply of these nutrients or redistribu- 
tion doesn't properly occur. 

— Christen Brownlee 
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SILICON BIOMIMICRY 





Fig. 1. Transmission x-ray microscopy three-dimensional data set of a representative region of 
mesostructured silicon (left). A thin slice of the data set (green lines) highlights the presence of both 


intra- and inter-granular voids (right). Representing silicon as a semi-transparent matrix allows clearer 


visualization of the voids (upper right). Magenta, silicon; blue, intra-granular voids; open regions in 


the whole volume or thin slice, inter-granular voids. 
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esides its incredible number of uses in computers and electronics, 
silicon (Si) has many biomedical applications. Silicon is biocom- 
patible, biodegradable, and has important electrical, optical, me- 
chanical, and thermal properties. By creating tinier silicon nanowire assemblies 
full of nano-scale voids, researchers constructed a device that could attach to 
the plasma membrane of a cell and generate a current to stimulate that cell, 
and then characterized the structure of the device using the APS. This work 
could one day lead to the creation of an artificial human tissue or even a func- 


tioning organ. 


Researchers are working to engi- 
neer Si-based forms that behave like 
natural biomaterials for subcellular in- 
terfaces and biophysical modulation. 
For example, a Si-based medical de- 
vice injected or implanted into human 
tissue could stimulate nerve cells or 
manipulate the behavior of muscles 
and organs. To achieve such amazing 
functionality, the device must be capa- 
ble of interacting with the tissue, be no 
more than a few microns in diameter, 
and be soft. For it to be medically use- 
ful, the device must disperse in saline 
so that it is injectable. The device must 
also be light-activated and must de- 
grade on a convenient time scale so 
that it does not have to be surgically 
removed. All of that put together is a 
pretty tall order, but the potential re- 
wards are very high. 

To meet the challenges of creating 
these materials, researchers from The 
University of Chicago designed a 
chemical vapor deposition apparatus 
that creates a device composed of two 
types of silicon, oxidized silicon and 
pure silicon. They first created a SiO, 
mold composed of submicroscopic 
channels that were connected by even 
tinier micro-bridges. When silane 
(SIH,) gas is injected into the nano- 
scale voids in the mold, the gas de- 
composes into pure silicon. The scien- 
tists then dissolve the mold, which 
leaves behind a web of silicon 
nanowires that are connected by oxi- 
dized silicon micro-bridges. The mate- 
rial has a structure full of nano-scale 
voids, so that it is squishy like a 
sponge. The oxidized silicon absorbs 
water, which decreases its rigidity. The 


material's rigidity compares with the 
collagen fibers that make up tissues, 
tendons, ligaments, cartilage and 
bone; by contrast, the silicon materials 
used in transistors are up to 100 times 
more rigid. Also important, is that the 
pure silicon in the device can absorb 
light. To characterize the structure of 
the device, small-angle x-ray scattering 
measurements were conducted at the 
XSD 12-ID-B beamline at the APS. 
Transmission x-ray microscopy nano- 
computed tomography was performed 
on the new transmission x-ray micro- 
scope at XSD beamline 32-ID-B,C 
(Fig. 1). 

When the researchers injected the 
particles into a neuron culture it at- 
tached to the cell's plasma membrane. 
By shining light on a particle, its tran- 
sient heating generated enough capac- 
itive current in the membrane to stimu- 
late the neuron and change the cell 
activity. Researchers will next attempt 
to stimulate nerves in living animals. 
They will go for nerves in the periph- 
eral nervous system that connect to or- 
gans. These nerves are fairly close to 
the body surface so they can be stimu- 
lated by near-infra-red wavelength light 
that can penetrate the skin. 

In the future, light activated de- 
vices could be engineered to replace 
human tissue or entire organs. To 
make a functioning organ, a tightly fo- 
cused beam of light would need to ma- 
nipulate each individual cell in the en- 
gineered tissue. An advantage to this 
type of therapy is that it does not re- 
quire a change in the genetics of an 
organism. — Dana Desonie 
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TAPBPR: A NOVEL PROTEIN CHAPERONE 
WITH A ROLE IN PEPTIDE EDITING 
IN IMMUNE RECOGNITION 
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Fig. 1. Calculated SAXS envelopes for tapasin (a) and TAPBPR (c), as well as both envelopes superim- 
posed (b). A ribbon diagram of the high-resolution x-ray structure of Tapasin, or of a molecular ho- 


mology model of TAPBPR, is also superposed on the SAXS envelopes. 
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AP binding protein, related (TAPBPR), a novel protein chaperone, 

plays a role in loading peptides onto major histocompatibility class 

| (MHC I) molecules during the process of immune surveillance. 
However, until now, how TAPBPR functions in antigen presentation has been 
unknown. Researchers investigated the biochemical function of TAPBPR, com- 
paring it with tapasin, another chaperone with a similar protein sequence. 
Using direct binding studies, they demonstrated that TAPBPR functions as a 
peptide editor, and binds MHC | molecules that are either peptide-free or com- 
plexed with low affinity peptides. Because macromolecular crystallography has 
so far proven unsuccessful for obtaining high-resolution structural information 
on TAPBPR, the researchers instead collected small-angle x-ray scattering 
(SAXS) data at the APS. This allowed them to confirm the structural similari- 
ties between TAPBPR and tapasin. The results of this study could lead to ways 
to modulate peptide loading in vaccine design, improving T-cell recognition. 


TAPBPR is involved in the intracel- 
lular loading of peptides onto MHC | 
molecules. MHC | molecules are impor- 
tant components of the immune system 
and are expressed on the surface of 
most cells in all species of jawed verte- 
brates. Many variants of MHC | mole- 
cules exist within a population, and they 
bind and display peptides on their sur- 
face: in healthy cells, they display pep- 
tide fragments derived from biosynthetic 
pathways—typically from the cell’s own 
“housekeeping” proteins—which do not 
stimulate an immune response. How- 
ever, if a cell is infected by a microor- 
ganism, or if a cell is a dysregulated tu- 
mor cell, MHC | molecules bind and 
display peptide fragments of the mi- 
crobe or the tumor. These MHC l-anti- 
gen complexes serve as flags on the 
cell surface that are recognized by T 
cell receptors on cytotoxic T lympho- 
cytes. 

TAPBPR shares approximately 
20% of its protein sequence with 
tapasin, another well-studied chaper- 
one. Tapasin is part of a complex pro- 
tein machine called the “peptide loading 
complex,” which is the major loader of 
peptides onto MHC | molecules. How- 
ever, how TAPBPR functions in peptide 
loading has been unclear. 

The researchers in this study, from 
the National Institutes of Health, the 
U.S. Food and Drug Administration, and 
the University of Oklahoma Health Sci- 
ences Center conducted studies to 
characterize the biochemical function of 
TAPBPR. They wanted to better under- 
stand how TAPBPR interacts with MHC 
| molecules to facilitate peptide loading. 


They also wanted to determine the 
structure of TAPBPR, and to compare it 
with the structure of tapasin, which is al- 
ready known. 

The researchers engineered re- 
combinant TAPBPR for expression in 
an insect cell system. They investigated 
the interaction of TAPBPR with MHC | 
molecules, by using direct binding stud- 
ies including analytical ultracentrifuga- 
tion, surface plasmon resonance, and 
fluorescence polarization assays. 
These studies showed that TAPBPR 
functions as a peptide editor and binds 
MHC | molecules that are either com- 
plexed with low affinity peptides or emp- 
tied of photolabile peptides by exposure 
to ultraviolet light. As noted, re- 
searchers have so far been unsuccess- 
ful in using crystallography to obtain 
high-resolution structural information on 
TAPBPR. Instead of using crystallogra- 
phy, the researchers in this study took a 
different approach to determining and 
comparing the structural shapes of puri- 
fied TAPBPR molecules and the related 
tapasin molecule. By collecting SAXS 
data at the Bio-CAT 18-ID-D x-ray 
beamline at the APS, they were able to 
calculate a low-resolution envelope for 
both tapasin (Fig. 1a) and TAPBPR 
(Fig. 1c). They were also able to fit the 
x-ray structures of tapasin and a molec- 
ular model of TAPBPR into their respec- 
tive SAXS-determined low-resolution 
envelopes (Fig. 1). 

In this way, the researchers identi- 
fied the similarities between the two 
molecules that provide the foundation 
for investigating the steps of peptide 
loading. The results of this research 


therefore have potential to guide future 
studies to modulate peptide loading for 
T-cell recognition, as well as in design- 
ing peptide-based vaccines. 

— Nicola Parry 


See: Giora I. Morozov!, Huaying Zhao’: 
Michael G. Mage!, Lisa F. Boyd', Jian- 
sheng Jiang!, Michael A. Dolan’, 
Ramesh Venna?, Michael A. Norcross?, 
Curtis P. McMurtrey?, William Hilde- 
brand?, Peter Schuck’, Kannan Natara- 
jan!, and David H. Margulies", 
“Interaction of TAPBPR, a tapasin ho- 
molog, with MHC-I molecules promotes 
peptide editing," Proc. Nat. Acad. Sci. 
USA 113(8), E1006 (February 23, 
2016). DOI: 10.1073/pnas.1519894113. 
Author affiliations: ‘National Institutes of 
Health, ?U.S. Food and Drug Adminis- 
tration, "University of Oklahoma Health 
Sciences Center 

Correspondence: * dhm@nih.gov 


SAXS research was supported by Grant 9 
P41 GM103622 from the National Institute of 
General Medical Sciences of the National In- 
stitutes of Health. The research was sup- 
ported by the intramural research programs 
of the National Institute of Allergy and Infec- 
tious Diseases (Project Al0000394) and Na- 
tional Institute of Biomedical Imaging and 
Bioengineering (Project EBO000008)/National 
Institutes of Health and the Center for Drug 
Evaluation and Review/Federal Drug Admin- 
istration (Project 1617). This research used 
resources of the Advanced Photon Source, a 
U.S. Department of Energy (DOE) Office of 
Science User Facility operated for the DOE 
Office of Science by Argonne National Labo- 
ratory under contract no. DE-AC02- 
06CH11357. 


AN UNUSUAL SHAPE CHANGE TO 
DELIVER SELENOCYSTEINE TO PROTEINS 





D3 D4 





C EH GTP-bound 


Fig. 1. (A) Cartoon (left) and surface diagram (right) of the overall structure and domain organization 
of human eEFSec. The color-coding is according to the scheme shown below. (B) The GTP-to-GDP ex- 
change on human eEFSec induces an unexpected conformational change in D4, but not in D1. A com- 
parison of the GTP- (light blue) and GDP-bound states (light red) reveals a lack of the canonical 
conformational change in the EF-Tu-like domain (D1-3). Instead, D4 swings ~26° towards the dorsal 
face of the molecule and away from the tRNA-binding site. The view is rotated ~90° clockwise rela- 


tive to that in (A). 


Codon recognition 





GTP hydrolysis, 
tRNA release 


18-ID-D * Bio-CAT * Life sciences * Fiber dif- 
fraction, microdiffraction, small-angle x-ray 
scattering, time-resolved x-ray scattering * 
3.5-35 keV * On-site * Accepting general 
users ° 


19-ID-D * SBC-CAT * Life sciences * Macro- 
molecular crystallography, multi-wavelength 
anomalous dispersion, subatomic («0.85 À) 
resolution, microbeam, ultra-low-temperature 
(15K), large unit cell crystallography, single- 
wavelength anomalous dispersion * 6.5-19.5 
keV * On-site, remote, mail-in e Accepting gen- 
eral users * 


he element selenium is incorporated into proteins through the 21st 

amino acid selenocysteine (Sec). Such selenoproteins are criti- 

cally important to all types of life, suggesting that being able to 
accurately decode the Sec codon and correctly placing this amino acid in 
proteins is biologically fundamental. However, little is known about biosyn- 
thesis of selenoproteins in eukaryotic cells. To better understand this 
process, a team of researchers used data gathered at two APS sectors to 
determine the crystal structure of the human translational elongation factor 
responsible for recognizing and delivering the transfer RNA (tRNA) carrying 
oec to the ribosome. They produced some surprising findings, which sug- 
gest that the mechanism for elongation factor to incorporate selenium into 
growing protein chains is different from that of elongation factors associated 


with every other type of amino acid. 


Standard amino acids rely on the 
elongation factors eEF1A and EF-Tu. 
EF-Tu in particular is made of three 
sections, known as domains 1, 2, and 
3. To perform its job, EF-Tu utilizes a 
molecule called guanosine triphos- 
phate. Previous research has shown 
that during the process of delivering an 
amino acid-carrying (or aminoacyl) 
tRNA into a lengthening protein, one of 
the phosphates on the GTP molecule 
EF-Tu carries is cleaved off, or hy- 
drolyzed, which turns it into guanosine 
diphosphate (GDP). This triggers a ma- 
jor conformational change: domain 1 ro- 
tates about 90 degrees away from do- 
mains 2 and 3, which helps the tRNA 
release EF-Tu and subsequent posi- 
tioning at the appropriate site on the ri- 
bosome. 

However, the tRNA associated with 
Sec requires a different elongation fac- 
tor. In prokaryotic cells, that factor is 
SelB, and in eukaryotes, it's eEFSec. 
Both of these elongation factors are 
made of four domains. Some studies 
have shown that SelB doesn't undergo 
a conformational change after the GTP- 
to-GDP exchange, but little was known 
about the behavior of eEFSec. 

To learn more about this process, 
investigators from the University of Illi- 
nois at Chicago, the Rutgers-Robert 
Wood Johnson Medical School, the 
University of Texas Southwestern Med- 
ical Center, the Illinois Institute of Tech- 
nology, and Yale University used the 
Bio-CAT 18-ID-D, SBC-CAT 19-ID-D, 
and LS-CAT 21-ID beamlines at the 
APS to determine the crystal structure 
of eEFSec while it's complexed with 


non-hydrolyzable analogs of GTP, as 
well as GDP. 

Their findings show that eEFSec 
has a structure shaped like a chalice: 
domains 1, 2, and 3 represent the cup, 
a linker region represents the stem, and 
domain 4 represents the base (Fig. 1). 
Further investigation showed the pres- 
ence of a hydrogen bond between 
amino acid residues in domain 3 and 
the linker that seemed to act like a 
hinge—a clue that something unusual 
might take place at this region during 
hydrolysis. 

Sure enough, when the re- 
searchers determined the crystal struc- 
ture of eEFSec complexed with GDP, 
they found that domain 4 swung 26 de- 
grees away from the other three do- 
mains. Domains 1 and 2 also under- 
went small shifts, with domain 1 moving 
slightly toward the predicted tRNA bind- 
ing face and domain 2 toward the oppo- 
site direction. 

Although the movement of domains 
1 and 2 seem to tighten the Sec-binding 
pocket, which could help lower the bind- 
ing affinity of the Sec tRNA, the move- 
ment of domain 4 is more mysterious. 
The authors speculate that the swing of 
domain 4 might help eject the tRNA and 
dissociate eEFSec from the ribosome. 

More research will be necessary to 
better define the reasons behind this 
conformational change, the researchers 
say. Either way, it differs significantly 
from the mechanisms that eEF1A and 
EF-Tu use to deliver their aminoacyl-tR- 
NAs to growing protein chains. The au- 
thors note that another research team 
recently revealed that some microor- 


ganisms use different codons to encode 
Sec, suggesting that more surprises 
about this amino acid are in store. 

— Christen Brownlee 
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CANCER RISK OF 


CHROMIUM SUPPLEMENTS FOR DIABETES 


hromium (Cr), in the form of organic complexes, is very widely consumed 

in some food supplements for bodybuilders and dieters, in many multi-vi- 

tamin supplements, as well as in antidiabetic chromium supplements. It 
has been shown to undergo a chemical change —oxidation — in living cells, thanks 
to researchers using the APS to carry out new x-ray studies on chromium(III). This 
natural oxidation process converts chromium(III) into cancer-causing chromium(V). 
The findings also suggest that commonly consumed antidiabetic chromium supple- 
ments may have their biological efficacy via the chromium(VI) state, since 
chromium(VI) but not chromium(llI) inhibits phosphatase enzymes, enhancing and 
mimicking insulin activity. However, the carcinogenicity of chromium(VI) is cause for 
concern for those using the supplements under medical advice, as well others who 
use chromium supplements. 
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Fig. 1. X-ray fluorescence microscopy elemental maps of a Cr" treated (100 Um, 20 h at 310 K) 
adipocyte with Cr punctate structures (arrows) of unknown identity. A second Cr map is shown, with the 
maximum scaled to 40% to show low-concentration features. The “holes” are x-ray-transparent fat 
globules that were observed under a microscope. From L.E. Wu et al., Angew. Chem. Int. Ed. 55, 1742 
(2016). O 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 
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It has been some 30 years since 
research first hinted that supplements 
containing organic complexes of 
chromium metal, such as chromium pi- 
colinate, might be able to improve the 
health of people with insulin resistance 
or type 2 diabetes. There was also 
some suggestion that the same com- 
pounds might help with weight loss, 
given that obesity is closely linked to in- 
sulin's ability to control blood sugar lev- 
els. Since that time, research and 
development has worked toward devel- 
oping safe chromium compounds as 
pharmaceuticals for treating diabetes 
and obesity. In parallel, there has been 
a surge in marketing of chromium com- 
pounds as dietary supplements for the 
self-treatment of diabetes and obesity. 

One compound being investigated 
as a new agent for treating diabetes is 
[Cr,0(OCOEt),.(OH,)3]. This chromium 
compound is one of the most active of 
the chromium supplements and was 
first proposed as a molecular model for 
the postulated active peptide chromod- 
ulin. This is purported to transport 
chromium around the body and interact 
with insulin receptors in the pancreas, 
the organ responsible for controlling 
blood sugar, but mounting evidence has 
disputed this postulate. 

It turns out that the model com- 
pound [Cr,0(OCOEt),.(OH,)3] does in- 
deed undergo oxidation triggered by 
hydrogen peroxide to form the reactive 
chromium(VI) and chromium(V) forms. 
Researchers from The University of 
Sydney (Australia), the Garvan Institute 
of Medical Research (Australia), and 
Argonne, utilizing x-ray fluorescence 
microscopy and x-ray absorption near- 
edge structure at XSD beamline 2-ID-D 
of the APS, found that these carcino- 
genic forms of the metal are also gen- 
erated in fat cells, or adipocytes, which 
are essential in the control and patho- 
genesis of type 2 diabetes. The supple- 
ment is absorbed by adipocytes where 
it concentrates in "chromium hotspots," 
which contain concentrations of deriva- 
tives of the original chromium(lll) com- 
pound in higher oxidation states (Fig. 


1). 


The main substance present in 
these hotspots is a compound in which 
the metal ion is attached to a sulfur- 
containing chemical group, 
chromium(V]) thiolate. While 
chromium(V]) in the body is trouble- 
some, the formation of a thiolate under 
physiological conditions might explain 
how these drugs could work, because 
thiolate is chemically similar to the sul- 
fur-containing amino acid cysteine, 
which is present in many proteins and 
in the catalytic proteins Known as en- 
zymes. 

In vitro studies show that the 
chromium(VIl) and chromium(VI) ions 
can bind to the cysteine residues pres- 
ent at the active sites to inhibit en- 
zymes known as tyrosine 
phosphatases (PTPs). Inhibition of 
these enzymes promotes the cascade 
of biochemical reactions involved in in- 
sulin signaling. A chromium compound 
that binds to such an enzymes have 
also been shown to modulate the activ- 
ity of those enzymes in cells and so 
control the cascade, mimicking and en- 
hancing the activity of the body's natu- 
ral sugar control hormone, insulin. 

The carcinogenicity of 
chromium(VIl) and chromium(V) are 
now well established and this new re- 
search points to possible serious prob- 
lems with chromium(III), too. Indeed, 
the new research shows how 
chromium(llI) could be readily con- 
verted to the harmful forms of the metal 
ion in the body and this is likely to be 
borne out by long-term epidemiological 
studies. Of course, latency time for 
chromium-induced cancers is 10 to 40 
years and the longest human clinical tri- 
als are a mere 2 years, which is com- 
pletely irrelevant to carcinogenic risk. 

The human and animal studies by 
other groups on the accumulation of 
chromium(III) in the kidneys, liver, and 
reproductive organs indicate that accu- 
mulation will take 10 or more years to 
reach potentially highly toxic equilibrium 
levels with regular dosing. Hence short- 
term human clinical trials and animal 
models are completely irrelevant to this 


long-term toxic potential, a point that is 
especially relevant to young athletes 
and people taking chromium supple- 
ments unwittingly for body-building and 
weight loss, respectively, even though 
there is no good evidence for any bene- 
fit of doing so. Indeed, companies have 
had to stop advertising this in many ju- 
risdictions because of lack of solid evi- 
dence for efficacy. — David Bradley 
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X-RAY AVAILABILITY AND RELIABILITY 

In fiscal year 2016*, the APS x-ray source continued to function 
as a highly reliable delivery system for synchrotron x-ray beams 
for research. Several factors support the overall growth in both 
the APS user community and the number of experiments carried 
out by that community. But there is a direct correlation between 
the number of x-ray hours available to users; the success of the 
APS experiment program; and the physicists, engineers, and 
technicians responsible for achieving and maintaining optimum 
x-ray source performance. Below are definitions of important 
measures for the delivery of x-ray beam to users (latest data 
shown graphically). 


APS storage ring reliability (MTBF), fiscal years 1999-2016 
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Storage Ring Reliability: A measure of the mean time between 
beam losses (faults), or MTBF, calculated by taking the delivered 
beam and dividing by the total number of faults. The APS targets, 
and routinely exceeds, 70 h MTBF. A fault is defined as complete 
unavailability of beam either via beam loss or removal of shutter 
permit not related to weather. A fault also occurs when beam has 
decayed to the point where stability and orbit can no longer be 
considered reliable. At the APS, this threshold is 50 mA. 


X-ray Availability: The number of hours that the beam is available 
to the users divided by the number of hours of scheduled beam 
delivery prior to the beginning of a run. The specific definition of 
available beam is that the APS main control room has granted 
permission to the users to open their shutters, and there is more 
than 50-mA stored beam in the storage ring. 

* While the highlights in, and title of, this report cover calendar year 2016, 
data on accelerator performance and user statistics are measured on the 


basis of fiscal years. 


APS x-ray availability, fiscal years 1999-2016 
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APS funding levels, fiscal years 2003-2016 
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Number of APS publications, calendar years 1998-2014, recorded as of 5.16 
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For lists of APS publications see http:/ /www.aps.anl.gov/Science/Publications/ 


Deposits in Protein Data Bank from research at major synchrotron light 
sources, calendar years 1998-2017 (of 17.6.26) 
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STRUCTURAL BIOLOGY 











Norma Duke, beamline scientist and user support macromolecular crystallographer 
with SBC-CAT, in the 19-ID-D research station at the APS. The majority of protein crystal- 
lography data collection operations at the APS are conducted remotely, requiring staff to 
simply load user’s samples into a nitrogen filled dewar for remote mounting. Pictured is 
the installation of a V1 Universal puck (uni-puck) into a Rigaku Americas’ Actor Robot 
multi-puck dewar. The robot arm is in the parked position awaiting instructions for mount- 
ing after all samples are loaded. 


IS THE GATE LOCKED OR JUST SHUT? 





Fig. 1. Artistic representation of glutamate receptors (orange/red) in a cellular membrane (green). 


lons (bright yellow spots) can be seen moving within and between cells and through the channel. 
Image: Veronica Falconieri/Subramaniam Lab/CCR/NCI/NIH 


lutamate is a neurotransmitter used by the central nervous sys- 

tem to transmit excitatory and inhibitory signals that regulate var- 

ious aspects of human cognition, memory, and learning. These 
signals are mediated by glutamate receptors on the surface of neuronal cells 
that regulate the flow of ions through a transmembrane channel to propagate 
the signal (Fig. 1). The strength of the response depends on the strength of the 
signal, the type of receptor, its location, and the state of receptor. As one might 
imagine for such a critical neuronal component, dysfunction of glutamate re- 
ceptors has been implicated in a variety of diseases including multiple sclero- 
sis, Parkinson's disease, schizophrenia, and seizures. Understanding how 
glutamate receptors work is obviously of great interest to both medicine and 
psychology, and researchers have already solved the three-dimensional struc- 
tures of a number of glutamate receptors in the "bound" state (ion channel 
open) and in the "resting" state (ion channel closed). However, the structure of 
a third state, in which the receptor is temporarily desensitized and the ion chan- 
nel is held closed, has been elusive. Now, in work conducted in part at the 
APS, elucidation of the structure of a desensitized glutamate receptor has 
closed this important gap in our understanding of the receptor's activation-de- 
activation cycle. The work promises to impact treatment for diseases affected 
by glutamate receptor dysregulation and to provide important information for 


understanding basic neuronal functions involved in cognition. 


In order to determine the structure 
of the desensitized glutamate receptor, 
the research team from the National In- 
stitutes of Health (NIH) captured the 
desensitized state with a high-affinity 
agonist that promotes deep desensiti- 
zation and used cryo-electron mi- 
croscopy (cryo-EM) to accomplish the 
structure determination without the 
need for crystallization. The cryo-EM 
was carried out at the NIH and crystal- 
lographic analyses of some fragments 
of the receptor were carried out at the 
SER-CAT 22-ID-D beamline at the APS 
to provide supporting structural infor- 
mation. The cryo-EM structure of the 
receptor (Fig. 1) shows that the struc- 
ture looks a little like a bouquet of flow- 
ers with their stems stuck into the 
membrane. That is, the receptor dis- 
plays a large amino-terminal domain 
(ATD) on the outside of the membrane 
that is made up of four subunits ar- 
rayed in two-fold symmetry. Below the 
ATD, closer to the membrane and con- 
nected to the ATD by slender linkers, is 
a smaller set of four subunits, the lig- 
and binding domain (LBD), arrayed ina 
pinwheel formation. Finally, the trans- 
membrane helices, which form the ion 


channel, adopt a four-fold symmetry 
and alignment consistent with a closed 
ion channel state, as expected. 

A central question of the work was 
how does the desensitized receptor ap- 
parently maintain a different ligand- 
binding domain structure from the rest- 
ing state of the receptor while both 
maintain the same closed channel? 
Based on the structures, the outer do- 
main, the ATD, is similar in both the de- 
sensitized state and the resting state 
but the LBD is markedly different. In the 
desensitized state, the LBD splays 
downward tugging on the ATD from be- 
low. This action causes the ATD to be 
much closer to the LBD in the desensi- 
tized state, causing much more interac- 
tion between the domains and causing 
the linkers between them to adopt a 
helical structure and pack against the 
LBD. In the resting state, the ATD and 
LBD domains don't interact and are 
separated by about 15 À of space. 

The structure for the desensitized 
LBD shows that this domain is tilted in 
the desensitized state compared to the 
resting state and this causes the forma- 
tion of a ring-like structure the re- 
searchers call the “desensitization ring’. 


They hypothesized that this ring could 
contribute to the stability of the desensi- 
tized state of the receptor and slow the 
return to the resting state. Mutational 
analysis of amino acids in the ring 
showed that it is important for the sta- 
bility of the desensitization state and 
the recovery of the resting state but not 
the depth of the desensitization well. 
Further modeling of the ion channel, 
which is similar in resting and desensi- 
tized states, suggests that ion channel 
closure and the depth of desensitization 
are mediated by interactions between 
the LBD and the transmembrane do- 
mains of the channel. Understanding 
this important step in the activation-de- 
activation cycle of glutamate receptors 
will certainly help to guide future re- 
search and medicine development in 
this area. — Sandy Field 
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NEW INSIGHTS INTO THE MECHANISMS UNDERLYING 
LYSOSOMAL DISEASE AND EBOLA INFECTION 
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Ca? activation site 


Fig. 1. Side view of the AtTCP1 channel dimer. The six-transmembrane domains (blue and 


pink) pass through the vacuolar membrane (teal spheres) where they form a channel that per- 


mits the passage of Na’, K* and Ca?" The intracellular EF hands (orange) contain the Ca?* 
+ 


activation site (cyan), and Ca?” inhibition site is indicated on the luminal side of the membrane. 


130 APS SciENCE 2016 


wo-pore channels (TPCs) are voltage-gated ion channel proteins that de- 

tect, generate, and propagate electrical signals by opening and closing 

ion pathways across a cell membrane. These electrical pulses drive a fas- 
cinating range of physiological activities ranging from the coordinated beating of the 
heart to processing of sensations and emotions. Building on a longstanding interest 
in studying how these channels detect membrane potential and control the state of 
the ion pathway, researchers used x-ray diffraction experiments at the APS and at 
the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory to 
build the first three-dimensional structure of the two-pore channel TCP1 in a closed 
conformation at a resolution of ~3.3 A. This work expands a fundamental under- 
standing of TPCs and provides an avenue for treatments that target TCP1 in lyso- 


somal diseases and Ebola. 


Electrical impulses are an impor- 
tant mode of communication between 
cells in the human body. Initiation and 
propagation of these messages by a 
specialized group of proteins, voltage- 
gated ion channels, occurs through 
changes in membrane potential via the 
flow of Na* or K* ions across cell mem- 
branes. Voltage-gated ion channels 
sense membrane potential and act to 
control voltage changes by rapidly 
switching the ion pathway on and off. 
The resultant pulse-like electrical sig- 
nals generate impulses that drive a 
many functions in body organs, includ- 
ing neurological function and the main- 
tenance of blood pressure. 

Though much of the research in 
this field has focused upon channels lo- 
calized to the cell plasma membrane, 
more recent work has shown that TPCs 
reside within the membranes of or- 
ganelles in plant and animal cells. In 
humans, TPCs regulate the ionic home- 
ostasis and pH within lysosomes, or- 
ganelles with low internal pH involved 
in cellular metabolism and catabolite 
export and trafficking. TPCs also deter- 
mine lysosomal membrane potential 
and excitability and may regulate lyso- 
somal Ca?* release. These functions tie 
TPCs to both lysosomal storage dis- 
eases (~50 rare inherited diseases for 
which treatment is limited) as well as to 
the release of Ebola virus from lyso- 
somes into the host cell. These roles 
make TPCs potential targets for the 
treatment of both rare diseases as well 
as Ebola infection. 

In this study, the researchers from 
the University of Texas Southwestern 
Medical Center and the University of 


Pennsylvania utilized the SBC 19-ID-D 
and XSD GM/CA-XSD 23-ID-B and 23- 
ID-D x-ray beamlines at the APS, as 
well as the BL8.2.1 and BL8.2.2 beam- 
lines at the ALS, to obtain a high-reso- 
lution x-ray structure of a plant TPC 
channel from Arabidopsis thaliana 
(AtTPC1) with a comprehensive char- 
acterization of channel activity (Fig. 1). 

The AtTPC1 structure provides an 
excellent model system to further inves- 
tigate the TPC channel family. The 
structure also provides a long-awaited 
view of a channel voltage sensor in the 
closed resting state, a significant find- 
ing given that all other known voltage- 
gated channel structures are in the 
open activated state. 

These findings initiate a paradigm 
shift in our understanding of how volt- 
age-gated channels switch on and off in 
response to membrane potential 
changes. This knowledge can be used 
to address lysosomal diseases and 
viral infections in which Ca?* release in 
lysosomes is a central part of the infec- 
tious process. — Emma Nichols 
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FIGHTING EBOLA WITH AN ANTIBODY COCKTAIL 





Fig. 1. Molecular surface representation of Ebola glycoprotein (tan, green, pink) bound at the top by 
Fab114 (magenta, white) and at the side by Fab100 (purple, white). Credit: Morgan Gilman 
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uring the Ebola outbreak that began in 2014, more than 11,000 

people are reported to have died from the disease. While that epi- 

demic was eventually contained, the threat of the Ebola virus re- 
mains and, to date, there is no approved therapy. Two monoclonal antibodies, 
mAb100 and mAb114, originally isolated from a human Ebola survivor appear 
to block all signs of the virus when administered to monkeys. To figure out how 
the antibodies neutralize the Ebola virus, researchers solved the structures of 
the antibody pieces that bind the virus (antigen-binding fragment or Fab) alone 
and in complex with the part of the Ebola virus to which the Fab binds using dif- 
fraction data collected at the APS. The structures, in conjunction with other 
data, reveal the antibodies' strategies for undermining Ebola, providing critical 
information to facilitate the development of a treatment or vaccine for Ebola. 


When a virus attacks the body, the 
immune system produces antibodies 
that recognize a particular antigen on 
the virus and trigger the body's de- 
fenses. In 1995, an Ebola epidemic 
ravaged Kikwik, a city in the Demo- 
cratic Republic of Congo. In a previous 
study, the researchers isolated two 
monoclonal antibodies from the blood 
samples taken from one of the sur- 
vivors of the Kikwik outbreak. These 
antibodies, working together, may be 
special, neutralizing in the test tube 
multiple strains of the Ebola virus col- 
lected over 40 years. Plus, the antibody 
cocktail saved rhesus monkeys in- 
fected with Ebola virus as many as five 
days prior to receiving the treatment. 
Despite these promising findings, im- 
portant questions remained, particularly 
the questions of how the antibodies 
recognize and work together to block 
the Ebola virus. 

To find the Ebola antigen, the re- 
searchers in this study, from the Na- 
tional Institutes of Health, the Geisel 
School of Medicine at Dartmouth, the 
Frederick National Laboratory for Can- 
cer Research, Tsinghua University 
(China), the Brigham and Women’s 
Hospital, Università della Svizzera Ital- 
iana (Switzerland), National Laboratory 
of Public Health (Democratic Republic 
of the Congo), Boston Children’s Hos- 
pital, and ETH Zurich (Switzerland) first 
crystallized and solved the structures of 
Fab100 and Fab114 to high resolution, 
2.0 Å, at SBC-CAT beamline 19-ID-D at 
the APS (Fig. 1). Next, the researchers 
identified, roughly, the part of the Ebola 
virus to which both antibodies bind: the 
Ebola virus glycoprotein, a chalice- 
shaped trimer involved in viral entry 


into host cells. The glycoprotein struc- 
ture, minus one segment not involved 
in antibody binding, had been solved 
previously. The researchers co-crystal- 
lized the Fab fragments with the Ebola 
glycoprotein segment to form a ternary 
protein complex. Using molecular re- 
placement information from the un- 
bound protein structures, they solved 
the complex ternary structure to a reso- 
lution of 6.7 A. 

The structure yielded many in- 
sights into the structural and molecular 
basis for Ebola virus neutralization by 
mAb100 and mAb114. The researchers 
found that mAb100 recognizes the 
base of the Ebola virus glycoprotein 
trimer, blocking access to the cathep- 
sin-cleavage loop. For the virus to gain 
entry into the host cell, endosomal 
cathepsin catalyzes the proteolytic 
cleavage of the glycoprotein, a process 
that mAb100 would appear to shut 
down. Meanwhile, mAb114 provides a 
complementary interference with viral 
invasion by interacting with the glycan 
cap and inner chalice of the glycopro- 
tein. Another critical step in viral entry 
into the cell is the binding of the 
cleaved glycoprotein by a particular cel- 
lular receptor, a pathway that is blocked 
by mAb114. 

These discoveries may help de- 
velop a treatment or vaccine for Ebola, 
as well as other members of the 
Filoviridae family of viruses that use the 
same strategy to gain entry into host 
cells. For example, mAb100 and 
mAb114 may be used directly in the 
treatment of Ebola. Alternately, re- 
searchers may use the structural infor- 
mation in the rational design of new an- 
tibody variants with improved potency 


and/or breadth against related 
filoviruses. — Erika Gebel Berg 
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How A ZIKA PROTEIN COULD GUIDE 
VACCINE DEVELOPMENT 





Fig. 1. Zika virus NS1 dimer side (top left) and inner face (top right) views highlight hydrophobic re- 
gions (yellow), which interact with membranes on cell surfaces. Three NS1 dimers assemble into a solu- 
ble hexamer (bottom) which circulates in the bloodstream of infected patients. NS1 in the absence of 
the virus is sufficient to cause vascular leakage in biological model systems. In the hexamer image, one 


dimer is shown as a solid surface, one as a gray ribbon and the third as a colored ribbon. 
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ecause of its critical roles in viral replication and disease pathogenesis, 

the flavivirus nonstructural protein 1 (NS1) is an attractive target for de- 

sign of vaccines and drugs that could protect against diseases such as 
Zika, West Nile, and dengue that are caused by flaviviruses. Despite advances in un- 
derstanding of the structure of NS1, some important features remained unknown. 
Researchers therefore set out to further investigate its molecular structure. They 
used data for Zika NS1 collected at the APS to determine how NS1 interacts with cell 
membranes. They also found that the outer surface of the Zika NS1 has electrical 
charge properties that differ from those of NS1 proteins from other flaviviruses. The 
results of this study could help scientists better understand how Zika virus affects the 
immune system, and could also help with development of vaccines and antiviral 


drugs to help control Zika disease. 


Flaviviruses such as Zika, dengue, 
and West Nile viruses are arthropod- 
borne pathogens that present signifi- 
cant public health threats worldwide. In 
particular, Zika virus recently became 
an international health emergency, not 
only because of its rapid spread 
throughout Central and South America, 
but also because of its association with 
severe birth defects and with Guillain- 
Barré syndrome. 

NS1 is a highly-conserved protein 
among flaviviruses and plays key roles 
in viral infections. When the virus in- 
fects a host, NS1 is involved in viral 
replication and packaging, allowing the 
virus to continue infecting more cells in 
the host. Some NS1 is also secreted as 
hexamers (Fig. 1) into the bloodstream 
of infected individuals, and higher NS1 
levels have been found to correlate 
with more severe illness. Even in the 
absence of virus, studies have shown 
that NS1 alone is sufficient to cause 
vascular leakage in biological model 
systems. 

Researchers from the University of 
Michigan had previously solved struc- 
tures for the NS1 protein from dengue 
virus serotype 2 and from West Nile 
virus (also using data collected at the 
GM/CA-XSD beamline at the APS). So, 
when Zika virus infection was linked 
with an increased incidence of micro- 
cephaly and Guillain-Barré syndrome, 
they realized they could also contribute 
to understanding this new viral threat. 

In collaboration with researchers 
from Purdue University, they conducted 
studies to determine the structure of 
Zika virus NS1. Although their previous 
work with the NS1 protein had estab- 


lished its basic structure, several fea- 
tures were not resolved. Using data col- 
lected at GM/CA-XSD beamline 23-ID- 
D at the APS, the researchers were 
able to determine more detailed infor- 
mation about the Zika virus NS1 pro- 
tein, which helped to fill in these gaps. 

For example, they found that Zika 
virus NS1 has electrostatic charge 
properties that differ from those of NS1 
proteins in other flaviviruses. They also 
identified a part of the protein that was 
not visible in the earlier NS1 struc- 
tures—an additional hydrophobic sur- 
face for membrane association (Fig. 1) 
during viral replication. Elucidating the 
Zika virus NS1 structure helped the re- 
searchers to understand how NS1 cir- 
culates in the bloodstream of infected 
patients as a protein-lipid particle. 

According to the researchers, this 
new information about the Zika virus 
NS1 structure adds important details of 
the molecular framework for under- 
standing how NS1 accomplishes its 
functions in the infection cycle. Scien- 
tists can compare the structural fea- 
tures of the NS1 proteins of different 
viruses to gain insights into the diver- 
gent activities among these proteins, 
and how this affects the characteristics 
of the diseases these different viruses 
cause. 

Because no vaccine or treatment 
currently exists for Zika virus infection, 
the results of this research therefore 
have potential to help scientists design 
vaccines and antiviral drugs against 
Zika virus. 

The researchers are currently also 
working to understand how NS1 pro- 
teins influence the immune system and 


stimulate vascular leakage. In addition, 
they are collaborating with other labora- 
tories to better understand how NS1 
contributes to the disease states in a vi- 
ral infection. 

Understanding of the NS1 domain 
structure is guiding current research 
into dissecting the regions responsible 
for immune system modulation, virus 
replication and packaging, and stimula- 
tion of vascular leakage. Hopefully, 
these insights will guide new therapeu- 
tics and vaccine development. 

— Nicola Parry 
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Fig. 1. Structure of the CB1 cannabinoid recep- 
tor (teal cartoon) bound to the inhibitor taran- 


abant (green spheres). 


STRUCTURAL INSIGHTS INTO CANNABIS RECEPTORS 


COULD LEAD TO NEW THERAPIES 


he cannabinoid CB1 receptor forms part of the mammalian endo- 

cannabinoid system, which plays important roles in many aspects 

of physiology and pathology. Although scientific advances have 
led to discovery of numerous compounds that target this receptor and have 
the potential to treat various conditions, knowledge of its detailed structure 
has so far been lacking. To increase understanding of the receptor’s mech- 
anism and function, researchers set out to determine the crystal structure of 
CB1 at high resolution. Using x-ray diffraction data collected at the APS, 
they characterized the structure of the receptor's pocket where compounds 
such as A?-tetrahydrocannabinol (THC), as well as cannabinoid inhibitor 
drugs, bind to CB1. The results of this study could help scientists better un- 
derstand how cannabinoids affect the brain, and could also help with dis- 
covery of new therapies that target the CB1 receptor to treat conditions such 


as epilepsy or marijuana addiction. 


The cannabinoid receptors (CB1 
and CB2) are major players in the hu- 
man endocannabinoid system, which is 
involved in regulating various physio- 
logical processes, including appetite 
and pain-sensation. CB1 is predomi- 
nantly found in the nervous system, 
while CB2 is mostly located in the im- 
mune system. These G protein-coupled 
receptors (GPCRs) are activated by the 
endocannabinoids anandamide and 2- 
arachidonoyl-glycerol (2-AG), which are 
made in the body, as well as the 
cannabinoid THC, which is the main 
psychoactive component of marijuana. 

Cannabinoid receptors therefore 
represent a potential target for the de- 
sign and development of new therapeu- 
tic drugs. CB1, for example, is the most 
abundant GPCR in the human brain, 
has multiple physiological functions in 
the central nervous system (CNS), and 
is an important target for design of 
cannabinoid inhibitor drugs to treat con- 
ditions such as obesity, neuropathic 
pain, and epilepsy. 

X-ray diffraction data collected at 
the GM/CA-XSD beamline 23-ID-B at 
the APS helped the researchers from 
The University of Texas Southwestern 
Medical Center elucidate the CB1 re- 
ceptor at high resolution (Fig. 1). This 
allowed them to unambiguously char- 
acterize the structure of its ligand bind- 
ing pocket. This pocket in the receptor 
is where modulators such as cannabi- 


noids made in the body, THC, and 
cannabinoid inhibitor drugs work to in- 
fluence the receptor. As such, this 
pocket is an important focus for scien- 
tists involved in development of 
cannabinoid inhibitor drugs. 

In their study, the researchers iden- 
tified the mode of binding for a clinically 
tested cannabinoid receptor antagonist, 
taranabant (Fig. 1), and gained insights 
into how modulators enter the CB1 re- 
ceptor. 

By characterizing the extracellular 
loops of the CB1 receptor, they showed 
that these regions are structurally differ- 
ent than they are in other lipid-activated 
GPCRs in the same family, such as the 
sphingosine phosphate receptor, which 
is found throughout the body and regu- 
lates important physiological actions, 
including vascular development and 
cardiac function. When they used the 
clinical antagonist, the researchers also 
showed that it binds at a different posi- 
tion in the CB1 receptor than it does in 
other GPCRs from the same family. 

Cannabinoid inhibitor drugs are be- 
coming increasingly important, both for 
their potential medical uses and for 
their societal impacts in situations such 
as drug abuse and addiction. Because 
determining the CB1 receptor structure 
helps to improve understanding of how 
these drugs bind to the receptor, the re- 
sults of this research therefore have po- 
tential to allow future rational drug de- 


sign and optimization. The researchers 
are currently also working on crystal- 
lization of the activated CB1 receptor, 
and hope to obtain structures of CB1 
bound to an agonist. — Nicola Parry 
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FROM IRASH TAG TO MAJOR CELLULAR MEDIATOR: 
THE EMERGING ROLE OF THE UBIQUITIN SYSTEM 


biquitin is a protein that 

earned its name from the fact 

that it is ubiquitous; it is found 
in almost all cells of eukaryotic organ- 
isms. The addition of ubiquitin to cellular 
proteins has been identified as an impor- 
tant mechanism for tagging proteins for 
disposal by the cellular degradation sys- 
tem, the proteasome. More recently, pro- 
teins of the ubiquitin system have been 
implicated as key players in such diverse 
cellular activities as apoptosis, immune 
regulation, host-pathogen interactions, 
and cellular aging, and in diseases such 
as cancer, autism, and muscular dystro- 
phies. So, understanding the details of 
the system is of importance to many dif- 
ferent areas of research and medicine. In 
this research study, carried out at the 
APS, the goal is to elucidate the interac- 
tions of enzymes that are central to ubiq- 
uitination, the addition of ubiquitin to a 
substrate target protein. Understanding 
these interactions is critical to under- 
standing how the complex ubiquitin sys- 
tem works and to the rational design of 
drugs that target an ever-widening array 
of ubiquitin-system-related diseases. 


Ubiquitination is accomplished by the ac- 
tion of enzymes that work in sequence, E1, 
E2, and E3, to add ubiquitin to a target pro- 
tein. The human genome codes for 2 E1s, 
~40 E2s, and over 600 E3s, suggesting that 
E3 is where the system’s target specificity and 
heterogeneity resides. E3 enzymes work in 
complex with an assembly of other proteins 
that guide E3-target interactions. One of these 
E3 enzymes, Cullin3, interacts with members 
of a large family of BTB proteins that act as 
target adaptors. Structures from one subfam- 
ily of BTB proteins in complex with Cullin3 
have been solved. However, another subfam- 
ily, the KCTD subgroup, does not share the 
same Cullin3 interaction sites. 

In order to learn more about how KCTD 





proteins interact with the Cullin3 E3 enzyme, 
a team of investigators from the University of 
Toronto, the Princess Margaret Cancer Cen- 
tre, and the Hospital for Sick Children Re- 
search Institute in Toronto (all in Canada) 
used a variety of structural, biophysical, and 
biochemical methods to probe the interactions 
between Cullin3 and six KCTD adaptor pro- 
teins, KCTDs 1,5, 6, 9, 16, and 17. 

The first step for the team was to solve 
the crystal structures for KCTD1 and KCTD9. 
Data obtained from studies at the IMCA-CAT 
17-ID-B beamline of the APS showed that 
these proteins form pentameric structures that 
contain five molecules of KCTD. KCTD9 ex- 
hibits a single rigid structure while KCTD1 ex- 
hibits three different pentameric forms, 


Fig. 1. Model of a pentameric 
KCTD/Cullin3 E3 ligase complex. The 5- 
fold symmetric KCTD protein (red) as- 


sembles 5 individual 

Cullin3 /Rbx1 /E2~Ubiquitin subcom- 
plexes (blue, yellow, orange and green, 
respectively) into a “pinwheel” structure. 
All five Cullin3 chains curve up toward 
the C-terminal domain face of the KCTD 
pentamer and position the E2~ubiquitin 
chains in the proximity of the presumed 


substrate binding site. 





suggesting a more dynamic structure. 
The research team provided additional 
support for these pentameric structures 
by analyzing the size of the KCTD pro- 
teins in solution by analytical size exclu- 
sion chromatography (SEC). SEC 
experiments showed that all of the 
KCTDs tested exhibited sizes in solu- 
tion that were consistent with adoption 
of pentameric structures. 

Their next question concerned the 
interaction of the KCTD pentamers with 
Cullin3. SEC and isothermal titration 
calorimetry (ITC) were used to investi- 
gate the interactions of the KCTD pro- 
teins with Cullin3 in solution and the 
strength of those interactions. Mixtures 
of the KCTD proteins with Cullin3 exhib- 
ited sizes and dissociation constants 
consistent with a 5:5 complex of Cullin3 
with KCTDs 5, 6, 9, and 17 but no 
Cullin3 binding to KCTD1 or KCTD 16. 
These data were supported by experi- 
ments conducted with mutated forms of 
KCTD5 and KCTD9 that showed that 
changes in amino acids thought to be 
involved in Cullin3 interactions dis- 
rupted binding. 

In order to understand more about 
the 5:5 stoichiometry of the KCTD pro- 
teins with Cullin3 suggested by the 
crystal structures and biophysical tests, 
the team used a previous Cullin3/adap- 
tor complex structure to model interac- 


Fig. 2. The KCTD9/Cul3 complex as visualized by cryo electron-microscopy. (a) Micrograph of indi- 


vidual complexes (circled). (b) 5-fold averaged complex. (c). Molecular model with the KCTD9 pen- 


tamer (black) and the associated Cul3 arms (grey). 


tions with their own KCTD9 structure. 
Modeling suggested a pinwheel-shaped 
structure with the KCTD9 pentamer at 
the center and five Cullin3 proteins as 
the arms of the wheel (Figure 1). To test 
this experimentally, the team made 
complexes of Cullin3 plus KCTD9 and 
analyzed them by cryo-electron mi- 
croscopy. The images obtained from 
the cryo-EM were a match for those 
from the model (Figure 2). Further mod- 
eling allowed them to look more closely 
at how Cullin3 interacts with the KCTD 
pentamer. Their model predicts that 
Cullin3 interacts with two adjacent 
KCTDs in the pentamer. 

This may explain why KCTD1, with 
its more dynamic pentameric structure, 
does not bind to Cullin3. However, with 
so many E3s and so many adaptors, 
the details of this interaction and of how 
these proteins impact cellular 
processes and disease states provide 
plenty of topics for future study. 

— Sandy Field 
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Fig. 1. Two multi-domain NRPS proteins. Left panel shows PCP (cyan) bound within the condensation 


domain (white). Rotation of the small adenylation C-terminal subdomain (orange) transports the PCP 


to the adenylation domain active site in the structure on the right. 


acteria and fungi are skilled biochemists that can make an unusual 

variety of natural peptides, some of which have immunosuppres- 

sant, antibiotic, or cytotoxic effects that make them useful medi- 
cines. These peptides are made utilizing the 20 common amino acids we all 
use, plus variations of these, such as D-amino acids and cyclic forms, that 
provide them with their unique properties. These peptides are not built by the 
normal ribosomal machinery that translates messenger RNA (mRNA) into pro- 
tein but by non-ribosomal peptide synthetases (NRPSs) that work without ri- 
bosomes or mRNA to guide them. NRPSs are multi-domain modular cellular 
machines that work in a kind of assembly line to catalyze each reaction in the 
generation of these unusual peptides. Researchers are interested in how 
NRPSs work in order to understand the chemistry underlying how these 
unique natural products are made and in the exciting prospect that the amaz- 
ing chemical diversity generated by NRPSs can be re-engineered to make 
novel drugs and antibiotics. For both of these goals, detailed structural knowl- 
edge of NRPSs is needed. Work by a team of scientists using the APS has 
provided important insights into how bacterial NRPSs catalyze some of the 
key steps of peptide synthesis and how the domains of these modular cellu- 
lar machines interact. This more detailed understanding of the elegantly co- 
ordinated movements of the domains of the NRPS, as well as a view of 
ligands bound within the condensation domain will assist researchers in find- 
ing ways to engineer these interactions to create new and potentially valuable 


peptide natural products. 


NRPSs catalyze the formation of a 
peptide natural product. The product is 
built while attached to peptidyl carrier 
proteins (PCPs) that orchestrate the 
process by delivering the intermediates 
to adjacent catalytic domains. The basic 
steps of this process include activation 
of the new amino acid and transfer to 
the PCP by the adenylation domain, 
creation of the peptide bond between 
the newly activated amino acid and the 
growing peptide on the adjacent mod- 
ule by the condensation domain, and 
release of the product by a thioesterase 
or reductase domain. Additional tailor- 
ing domains may be associated with the 
NRPS to accomplish unique chemical 
modifications as they are needed. 

A key question in the field of NRPS 
research has centered on how the PCP 
migrates between the different catalytic 
domain active sites. That is, do the PCP 
and the domains float around randomly 
until they make a productive interaction 
or are their interactions more organ- 
ized? In order to get at an answer to 
this question, these investigators from 
the Hauptman-Woodward Medical Re- 
search Institute, the University at Buf- 
falo, the University of Minnesota, and 
the University of Michigan sought to 


capture some of these catalytic reac- 

tions “in the act” by crystalizing NRPS 
proteins trapped at various stages of 

the peptide building process. 

In work conducted at the GM/CA- 
XSD beamline 23-ID-B at the APS, they 
were able to solve the structures of 
three NRPSs captured at three different 
stages of catalysis. One was without lig- 
and, the second used an inhibitor to il- 
lustrate delivery of the PCP to the 
adenylation domain, and the third 
showed the delivery of the PCP to the 
condensation domain. These snapshots 
of catalysis provided insights into how 
the PCP moves between two of the 
three NRPS domains. 

The results provide new informa- 
tion about the conformations of the 
adenylation and condensation domains 
while they interact with the PCP to load 
the activated amino acid onto the PCP 
and then shift the loaded PCP over to 
the condensation domain for peptide 
bond formation. The adenylation do- 
main structure shows that, rather than a 
random process, the adenylation do- 
main first catalyzes the activation of the 
amino acid then rotates a small C-termi- 
nal subdomain to deliver the PCP to the 
adenylation domain to be loaded with 


the amino acid substrate (Figure 1). 
The other crystal structure then picks 
up the story to reveal that once the PCP 
is loaded, a reversal of this conforma- 
tional change transports the PCP back 
to the condensation domain while the 
adenylation domain activates a second 
amino acid to prepare for the next cy- 
cle. 

The research team is continuing 
their studies to look at additional mul- 
tidomain NRPS enzymes bound with in- 
formative ligands that will give insight 
into the ability of the NRPS domains to 
catalyze peptide natural product biosyn- 
thesis. — Sandy Field 


See: Eric J. Drake!^, Bradley R. 
Miller*?, Ce Shi?, Jeffrey T. Tarrasch?, 
Jesse A. Sundlov', C. Leigh Allen’, 
Georgios Skiniotis*, Courtney C. 
Aldrich?, and Andrew M. Gulick'*, 
"Structures of two distinct conforma- 
tions of holo-non-ribosomal peptide 
synthetases," Nature 235, 529 (15 Jan- 
uary 2016). DOI: 10.1038/nature16163 
Author affiliations: !Hauptman-Wood- 
ward Medical Research Institute, ^Uni- 
versity at Buffalo, ?University of 
Minnesota, ^University of Michigan 
Correspondence: 

* gulick@hwi.buffalo.edu 


This work was funded in part by National In- 
stitutes of Health GM-068440 (to A.M.G.) 
and GM-115601 (to G.S.), and Award 
W81XWH-11-2-0218 from the Telemedicine 
and Advanced Technology Research Center 
of the U.S. Army Medical Research and Ma- 
teriel Command (A.M.G.). A Stafford Fellow- 
ship (to B.R.M.) and support from the 
Hauptman-Woodward Institute is acknowl- 
edged. GM/CA-XSD has been funded in 
whole or in part with Federal funds from the 
National Cancer Institute (ACB-12002) and 
the National Institute of General Medical Sci- 
ences (AGM-12006). This research used re- 
sources of the Advanced Photon Source, a 
U.S. Department of Energy (DOE) Office of 
Science User Facility operated for the DOE 
Office of Science by Argonne National Labo- 
ratory under Contract No. DE-ACQ2- 
06CH11357. 


23-ID-B * GM/CA-XSD * Life sciences * 
Macromolecular crystallography, microbeam, 
large unit cell crystallography, subatomic 
(«0.85 À) resolution, multi-wavelength anom- 
alous dispersion, single-wavelength anom- 
alous dispersion * 3.5-20 keV * On-site, 
remote * Accepting general users * 


STRUCTURE OF THE HUMAN SEROTONIN 
TRANSPORTER ELUCIDATES AN 
ANTIDEPRESSANT MECHANISM 
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Fig. 1. The image depicts a slice through a surface 
representation of the serotonin transporter bound 
the antidepressant S-citalopram. S-citalopram mole- 
cules bound to the allosteric (yellow) and central 


(magenta) sites are shown as spheres. 


erotonin is an important neuronal modulator that is essential for the 

functioning of the central nervous system, cardiovascular system, di- 

gestion, body temperature, endocrine system, and reproduction. 
Serotonin acts through membrane receptors in neurons to regulate the pro- 
duction of a wide range of neurotransmitters and hormones. This signaling is 
terminated through reuptake of serotonin by the serotonin transporter (SERT) 
that removes serotonin from the surrounding space between neurons. Antide- 
pressant drugs such as the serotonin-specific reuptake inhibitors (SSRIs), like 
Prozac, work by inhibiting reuptake, keeping serotonin signaling active. In ad- 
dition to depression, dysregulation of transporters in the neurotransmitter trans- 
porter family has been identified as important in diseases such as anxiety 
disorder, attention-deficit hyperactivity disorder, epilepsy, and Parkinson's dis- 
ease. However, although the structures of homologous bacterial and fruit fly 
transporters have provided insight into the pharmacology of this important class 
of transport proteins, the structural details of human SERT have yet to be un- 
covered. Now, in work by a team that utilized high-brightness x-ray beams from 
the U.S. Department of Energy's Advanced Photon Source (APS) at Argonne 
National Laboratory, the structure of human SERT in complex with two SSRIs 
has been solved. The structures provide important new information about how 
antidepressants block serotonin binding and transporter activity, the possible 
role of known disease mutations, and allosteric regulation of the transporter. 
These discoveries will aid in the design of small molecules capable of more- 
precise activity against a variety of neurological disorders. 


which is known to have allosteric bind- 
ing activity, also binds to another site 
adjacent to the central site in a 


The first step in crystallization of a 
large and unstable transporter like 
SERT is to find the correct conditions 


for protein production. The team found 
that wild type SERT was not amenable 
to crystallization in detergent micelles, 
but they were able to find several muta- 
tions that stabilized the protein and pre- 
served antidepressant binding. Using 
this stable human SERT variant and by 
adding a stabilizing antibody, they were 
able to get crystals for human SERT in 
complex with each of two SSRI phar- 
maceuticals, citalopram (Celexa) and 
paroxetine (Paxil). 

The structures, solved from x-ray 
diffraction data sets collected at the 
Northeastern Collaborative Access 
Team (NE-CAT) x-ray beamlines 24-ID- 
C and 24-ID-E at the APS and the Ad- 
vanced Light Source (ALS) beamline 
5.02 at the Lawrence Berkeley National 
Laboratory, showed that SERT adopts 
an outward-open conformation when 
bound to the inhibitors. (Both the APS 
and ALS are Office of Science user fa- 
cilities.) The antidepressant binds to a 
central site between transmembrane 
helices 1, 3, 6, 8, and 10 about halfway 
into the membrane (Fig. 1). Citalopram, 


vestibule that directly blocks the first in- 
hibitor from leaving the central site. This 
observation explains the mechanism for 
how the allosteric site slows the off-rate 
of inhibitors by blocking exit from the 
central site. 

The structure shows details for the 
locations of amino acid changes that 
are known to vary among the human 
population and mutations that are 
known to be involved in various psychi- 
atric disorders. The locations of these 
amino acids show that they are poised 
to enhance serotonin transport, destabi- 
lize the transporter, or render the trans- 
porter insensitive to regulation, and thus 
provide a host of new targets for more 
specific intervention in neurotransmitter 
transporter-related diseases. 

The transport activity of SERT is 
dependent on sodium and chloride 
ions. Sodium was found to bind to 
transmembrane domains 1, 6, and 7, 
while chloride ions are bound by trans- 
membrane domains 2, 6, and 7. The 
outward open conformation of SERT 
provides a pathway from the extracellu- 


lar space to the central binding site that 
allows these ions, as well as substrate 
and inhibitors, access into the membrane. 

Overall, the structure of human 
SERT provides many insights into how 
these important transporters function and 
how SSRIs interact with them. This work 
promises to lead to the development of 
new strategies and drugs for the manage- 
ment of a wide array of neurological disor- 
ders. — Sandy Field 
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THE STRUCTURE OF A PROTEIN THAT 
FACILITATES CANCER SPREAD 
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Fig. 1. Ins(1,3,4,5)P4 (IP4) , a soluble analog of PIP}, bound in a pocket formed at one end of the P- 
Rex] PH domain. The electron density map of IP4 is shown as a blue wire mesh overlaying a ball and 


stick model of the molecule. 
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etastasis is the spread of cancer from its original location to dif- 

ferent parts of the body. It can occur when cancer cells invade 

nearby tissues or when the cells migrate through the body via 
the lymphatic and circulatory systems. Patients diagnosed with metastatic can- 
cer, also known as stage IV cancer, have significantly lower survival rates than 
those whose cancer does not metastasize. A key strategy that scientists are ex- 
ploring for undermining metastasis is inhibiting or disabling proteins that allow 
cells to become mobile. One such protein, called P-Rex1, has been found to 
play an important role in metastasis, making it an attractive therapeutic target. 
In order for P-Rex1 to facilitate the spread of cancer cells, it needs to be turned 
on by two other molecules, one of which is PIP}, a phospholipid embedded in 
the surface membrane of cells. Currently, science does not understand how 
PIP3 activates P-Rex1. In a new study, researchers used x-ray crystallography 
at the APS to take molecular snapshots of P-Rex1 bound to PIP,. They not 
only pinpointed the location of the binding site, they also determined that this 
interaction is required to switch P-Rex1 on. In addition, they found the inter- 
action was not necessary for mobilizing P-Rex1 to the cell membrane. These 
findings provide important insights into P-Rex1 regulation and present poten- 
tial tools for targeting the PIP.-binding pocket of P-Rex1 with a new generation 


of cancer chemotherapeutic agents. 


Metastasis is the ability of cancer 
cells to become mobile and form tu- 
mors at distant sites within the body 
and is responsible for the majority of 
cancer deaths. However, most current 
anti-cancer agents only suppress tu- 
mor growth. Therefore, small mole- 
cules that can inhibit proteins responsi- 
ble for cell migration represent an 
intriguing new direction for cancer 
chemotherapy. 

Experiments in a number of cell 
lines in the lab have shown that the P- 
Rex1 (phosphatidylinositol 3,4,5- 
trisphosphate (PIP,)-dependent Rac 
exchanger 1) molecule plays a role in 
the metastasis of breast cancer, 
prostate cancer and melanoma. 
Specifically, P-Rex1 enables cells to 
become mobile, possibly by eliciting 
changes to a structural component 
within cells called the actin cytoskele- 
ton. Rearrangement of the cytoskele- 
ton, which gives cells their strength 
and shape, can be accompanied by 
cell migration. 

To better understand the molecu- 
lar basis for P-Rex1 regulation by two 
cell-membrane-bound molecules, PIP. 
and GBy, researchers from the Univer- 
sity of Michigan used x-ray diffraction 
data collected at the LS-CAT 21-ID-D 
at the APS to determine the high-reso- 


lution structures of P-Rex1 in complex 
with a soluble analog of PIP3 called 
IP4 (Fig. 1). 

The research team used their mo- 
lecular snapshots to define which 
residues within the PIP.,-binding site 
are important for interaction with P- 
Rex1 and for increasing its activity 
within cells. The team also determined 
that mutating these residues does not 
interfere with the ability of P-Rex1 to 
associate with the cell membrane. 
Therefore, simple localization of P- 
Rex1 to the membrane, where its sub- 
strates are located, is not sufficient to 
elicit its activity. Furthermore, addi- 
tional molecular structures elucidated 
by the team showed that P-Rex1 ex- 
hibits inherent flexibility, which may 
have important implications toward 
how it is regulated within the body. 

P-Rex1 continues to be an attrac- 
tive target for therapeutics that sup- 
press cancer metastasis. The new 
structural and functional data captured 
in this study have now confirmed the 
location of the regulatory PIP3-binding 
site within P-Rex1, which will greatly 
assist in the identification or rational 
design of small molecules that target 
its mechanism of activation. 

— Chris Palmer 
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Fig. 1. The crystal structure of the 1832 amino acid TedA fragment placed in a 20-A structure ob- 


tained by electron microscopy with the glucosyltransferase domain in green, the autoprocessing do- 


main and zinc atom shown in pink, and the pore-forming delivery domain shown in purple. 


lostridium difficile causes many infections in the U.S. health care sys- 

tem. While antibiotics can be effective against the pathogen, the bac- 

terium was linked to the deaths of 29,000 people in the United States in 
2011. The devastating effects of Clostridium difficile are mediated by two homolo- 
gous bacterial toxins, toxin A and toxin B, that are believed to be primarily respon- 
sible for the disease symptoms, including diarrhea, inflammation, and necrosis in 
the colon. Researchers from the Vanderbilt University School of Medicine, the Uni- 
versity of Toronto and the Molecular Structure & Function Research Institute at The 
Hospital for Sick Children, Indiana University, Case Western Reserve University 
Center for Synchrotron Biosciences, and the Veterans Affairs Tennessee Valley 
Healthcare System crystallized and solved the structure of Clostridium difficile toxin 
A using data collected at the APS, garnering insights that may aid in the development 
of treatments and vaccines that target the toxins in the future. 





To gain access into human cells, 
toxin A binds the cell surface, and then, 
using receptor-mediated endocytosis, 
the endosome enters the cytosol, carry- 
ing the toxin inside. The toxin's gluco- 
syltransferase domain escapes the en- 
dosome when the toxin forms a pore in 
the endosome's membrane and the 
toxin cleaves itself in two via autopro- 
cessing, allowing the catalytic domain 
to enter the cytosol, where it does its 
damage. There, the glucosyltransferase 
targets small GTPases, glucosylating 
and thus deactivating the enzymes. 

Due in part to their large molecular 
weights, efforts to crystallize toxin A and 
solve a high-resolution structure have 
been unsuccessful. Evidence from low- 
resolution structural approaches, elec- 
tron microscopy and small-angle x-ray 
scattering, suggested that a particular 
piece of the toxin could adopt multiple 
conformations relative to the rest of the 
protein, suggesting that it may be inter- 
fering with crystallization attempts. So, 
the researchers lopped off that region, 
leaving a 1,832 amino-acid fragment of 
toxin A, which crystallized well. They 
took crystals to the LS-CAT beamline 
21-ID-D, and solved a 3.25-A-resolution 
structure (Fig. 1). 

The structure of toxin A revealed a 
number of surprises and insights. For 


example, the researchers observed an 
anomalous signal in their diffraction 
data and discovered a zinc atom hiding 
in the structure that hadn't been antici- 
pated. They performed x-ray absorption 
spectroscopy at the National Synchro- 
tron Light Source beamline X3B to con- 
firm that toxin A indeed bound zinc in 
solution. When the researchers re- 
moved zinc from the toxin via chelation, 
the enzyme's ability to cleave itself pro- 
teolytically was eliminated. Reintroduc- 
ing zinc to the toxin restored the activity, 
leading the researchers to conclude 
that zinc is required for the toxin to au- 
toprocess and release its glucosyltrans- 
ferase domain into the cytosol. 

The researchers also characterized 
a domain that facilitates the delivery of 
the toxin into the cytosol ("the delivery 
domain"). This domain appeared to act 
as a scaffold for the pH-dependent for- 
mation of the endosomal pore, consist- 
ing of hydrophobic alpha helices. 

Perhaps of greatest interest was 
the identification of a surface loop in a 
portion of the toxin's delivery domain. 
This sequence of the toxin is conserved 
widely among clostridial toxins. Making 
even a small mutation in this region im- 
paired the toxin's ability to kill cells. 
Further experiments suggested that 
mutations in this loop impair pore for- 
mation, offering an appealing target for 
future therapeutic design. 

— Erika Gebel Berg 
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How BACTERIA GET THEIR SUGAR FIX 


ike the majority of plants and animals, bacteria power themselves with 

Sugars such as glucose. However, bacteria have a unique process for 

slurping up sugars from their environment. At the heart of bacteria’s sugar 
uptake machinery is the energy-dependent phosphoenolpyruvate:carbohydrate phos- 
photransferase system (PTS). Little is known about how the PTS membrane-em- 
bedded components, part of the glucose superfamily of EllC transporters, selectively 
mediate the passage of carbohydrates across the bacterial membrane. To learn more 
about one of these components, a team of researchers used x-ray crystallography at 
the APS to functionally characterize the structure of one of the EIIC components, a 
maltose transporter called bcMalT. They found that bcMalT crystallized in an outward- 
facing occluded conformation, in contrast to the structure of another EIIC transporter, 
bcChbC, which the research team had previously crystallized in an inward-facing oc- 
cluded conformation. The two EllCs were found to differ in the position of a struc- 
turally conserved substrate-binding domain. After comparing the two structures, the 
team hypothesized that sugar is shuttled into the cell via an "elevator car "-type trans- 
port mechanism. These findings offer an explanation for how bacterial glucose su- 
perfamily EIIC transporters first recognize, then consume sugars. This knowledge 
can assist researchers in devising novel antibacterial agents that interfere with the mi- 
crobes' sugar transport system. 


tallized the structure of one of the com- 
ponents of the glucose superfamily 
EIIC from Bacillus cereus, called bc- 
ChbC, in an inward-facing occluded 
conformation, in which the sugar is lo- 
cated close to the intracellular side of 
the plasma membrane. 

EIICs, like other membrane em- 
bedded transporters, transport sugar 
molecules across the plasma mem- 
brane by alternating between the in- 


The PTS is responsible for carrying 
out the energy-dependent transport of 
carbohydrates as well as a variety of 
regulatory functions in bacteria. Active 
sugar uptake is driven by modification 
of the translocated sugar with a phos- 
phate group that derives from phospho- 
enol pyruvate. This phosphate is trans- 
ferred to the sugar through a series of 
proteins that include, in order of phos- 
phorylation, enzyme I (El), histidine- 


containing phosphocarrier protein 
(HPr), enzyme IIA (EIIA), and enzyme 
IIB (EIIB). The protein that transports 
the sugar across the membrane and 
also catalyzes the transfer of the phos- 
phate group from EIIB is the integral 
membrane protein enzyme IIC (EIIC). 
The EllC components of the PTS 
are grouped in four different superfami- 
lies, the largest of which is the glucose 
superfamily. The PTS has been the 
subject of extensive study for nearly 
half a century, but understanding of the 
system has remained incomplete due to 
the lack of any structures for the inte- 
gral membrane component EIICs re- 
sponsible for the transport of the sugar 
across the inner bacterial membrane. 
These researchers had previously crys- 


ward and outward facing conforma- 
tions. In order to understand both the 
mechanism of transport within EIIC pro- 
teins and identify residues that confer 
selectivity to the glucose superfamily 
PTS EIIC transporters, the team solved 
the x-ray structure of bcMalT, an out- 
ward-facing EIIC transporter, using the 
IMCA-CAT 17-ID-B and NE-CAT 24- 
ID-C x-ray beamlines at the APS; and 
beamlines 8.2.2 and 5.0.2 at the Berke- 
ley Center for Structural Biology at the 
Advanced Light Source, Lawrence 
Berkeley National Laboratory, . 

The team observed that the struc- 
ture of bcMalT possesses the same 
overall fold as the previously described 
bcChbC structure, but the location of 
the substrate-binding domain differs by 


a displacement of roughly 20 angstroms 
(Fig. 1). 

Comparison of bcChbc and bcMalT 
inspired the team to propose the eleva- 
tor car-type transport mechanism in 
which a large motion of the substrate- 
binding domain moves the substrate 
from one side of the bilayer membrane 
to the other. The transport cycle begins 
with an outward-facing open state in 
which the substrate-binding cavity is ac- 
cessible to the sugar from the periplas- 
mic side. A rotation of a transmembrane 
segment (TM7) closes off the cavity to 
create the substrate-bound, outward- 
facing occluded state, represented by 
the recently reported bcMalT crystal 
structure. The substrate-binding do- 
main, comprising 5 transmembrane he- 
lices (TM6-10) and 2 loops (HP1 and 
HP2), moves as a single unit toward the 
cytoplasm to form the inward-occluded 
state, similar to the previously reported 
bcChbC crystal structure. Finally, move- 
ment of a loop between TM4 and TM5 
allows docking of EIIB and thus phos- 
phorylation of the sugar, which causes 
the sugar to be released into the cyto- 
plasm. 

Characterizing the crystal structure 





Fig, 1. Diagram showing a potential model for the glucose superfamily EIIC transport cycle in bacte- 
ria. The dimeric sugar transporter bcMalT (top left) and bcChbC (bottom left) share the same overall 
fold, but in recent crystal structures their C-terminal substrate binding domains differ in position rela- 
tive to the lipid bilayer (black lines). This difference suggests a conformational change that renders 
the substrate binding accessible alternately to the periplasmic (top right) or cytoplasmic (bottom right) 


side of the membrane, facilitating sugar transport. 
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ntibiotics have saved millions of lives but have also been the 

cause of their own undoing. From the moment penicillin first 

started being used as an antibiotic in 1942, bacteria have been 
busily developing resistance to this life-saving drug and the others that have 
followed it. As we develop and use new antibiotics, bacteria develop resist- 
ance to them and we are forced into an arms race in which we must constantly 
develop new ways to battle these clever microscopic warriors. Penicillin was 
developed from a natural product that inhibits cell wall synthesis in bacteria. 
Although bacteria have found ways to circumvent the specific action of peni- 
cillin, the existence of other natural antibiotics that work by different but related 
mechanisms provides evidence that cell wall synthesis is still a good target for 
antibiotics. Now, results from the APS have helped a team of researchers take 
an important step toward development of a new antibiotic that can block bac- 


terial cell wall synthesis. 


The focus of the team's effort is 
the MraY enzyme, an integral mem- 
brane protein that catalyzes the first 
step in peptidoglycan biosynthesis. 
Peptidoglycan is an essential compo- 
nent of the bacterial cell wall and is im- 
portant for cell division — the process 
that bacteria use to multiply. The re- 
searchers, from the Duke University 
Medical Center, Hokkaido University 
(Japan), and Duke University, solved 
the crystal structure of MraY in com- 
plex with a natural inhibitor, mu- 
raymycinD2 (MD2), that has shown the 
ability—in animal models and in the 
lab—to kill some of the most lethal an- 
tibiotic resistant bacteria, including me- 
thicillin-resistant Staphylococcus au- 
reus (MRSA), vancomycin-resistant 
Enterococcus (VRE), and Mycobac- 
terium tuberculosis. Understanding 
how MD2 inhibits the MraY enzyme is 
crucial for developing a similar com- 
pound for clinical use in people. 

The structure, from x-ray data col- 
lected at the SER-CAT 22-ID-D and 
NE-CAT 24-ID-C beamlines at the 
APS, shows that MraY has 10 trans- 
membrane helices (TMs) with 5 cyto- 
plasmic loops. Most of the protein is in 
the membrane (Fig. 1). The catalytic 
site is a cleft framed by TM domains 3, 


< Fig. 1. A schematic portraying the structure 
of MraY (in green and brown), an essential en- 
zyme in bacterial cell wall synthesis. The en- 
zyme is bound to the antibiotic muraymycin 
(magenta), which is overlaid on an image of a 
brick wall that symbolizes the bacterial cell 
wall. Drugs that bind MraY can inhibit bacter- 


ial cell wall synthesis. Image credit: Ben Chung 


4, 5, 8, and 9, and loops B, C, D, and 
E. Three critical amino acids that are 
known to be important for catalysis and 
are conserved in this family of en- 
zymes are located in the catalytic cleft. 

One of the interesting questions 
about the MD2 inhibitor is how it can 
bind MraY even though it does not 
look anything like the natural substrate 
of the enzyme. Specifically, MD2 is a 
competitive inhibitor of MraY but does 
not have the sugar and pyrophosphate 
groups that are required for the natural 
substrate of MraY. The structure 
shows that MD2 inserts between loops 
C and D and interacts with TMQ, but 
does not interact with the three critical 
catalytic amino acids. Instead, it 
causes a large conformational change 
in MraY in which TM9 rotates away 
from the active site and loop E re- 
arranges. These changes reshape the 
active site and are accompanied by 
further rearrangements in loops A and 
D and in TM domains 1 and 5, and the 
unwinding of loop C. MD2 interacts 
with the new active site created by the 
movements of TM9 and loop E and 
with the new rearrangements of TM5 
and loops C and D. 

All of this moving also creates 
substantial changes in the nature of 
the charges that are present in the ac- 
tive site, a potential factor in binding of 
the inhibitor. Mutational analysis shows 
that the MD2 inhibitor does not interact 
with the same area of the active site as 
the part of the substrate it was previ- 
ously thought to mimic, the pyrophos- 
phate group, and in vitro experiments 
show that magnesium (Mg?*), which is 


critical for the enzymatic activity, is not 
important for MD2 binding. 

The structure of MraY with its nat- 
ural inhibitor, MD2, explains why MD2 
does not need the same groups as the 
natural substrate in order to bind to the 
MraY active site and provides crucial 
information needed for designing drugs 
to inhibit this essential bacterial en- 
zyme. 

— Sandy Field 
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BATTLING BACTERIAL RESISTANCE 


olymyxin antibiotics are one of our last lines of defense against multi- 

drug-resistant bacteria. They are made by certain Gram positive bac- 

teria to selectively kill Gram negative bacteria by disrupting their outer 
membranes through interactions with specific lipopolysaccharides (LPS). How- 
ever, in an escalation of this conflict and in response to our use of polymyxins 
as antibiotics, some Gram negative bacteria have developed resistance to 
polymyxins. This is predominantly accomplished by an enzyme, aminoarabi- 
nose transferase (ArnT), that can modify the LPS so that polymyxins cannot 
use it to bind to the membrane anymore. Drugs that inhibit ArnT could over- 
come this resistance and improve the efficacy of this critical class of antibiotics. 
In an important first step toward developing such inhibitors, a research team 
utilized high-brightness x-ray beams from the APS to solve the structure of ArnT 
with and without one of its lipid substrates. The work reveals how substrates 
bind to the enzyme and identifies amino acids that are critical for its catalytic ac- 


tivity, important information for drug design. 


Polymyxins bind to LPS on the 
bacterial outer membrane through elec- 
trostatic interactions with negatively 
charged groups on the LPS. The en- 
zyme ArnT modifies LPS and confers 
resistance to polymyxins by catalyzing 
a reaction that "caps" LPS with the posi- 
tively charged sugar L-Ara4N. The 
sugar is added to a part of LPS called 
lipid A specifically at the negatively 
charged groups that interact with 
polymyxins. L-Ara4N is transported to 
the reaction by undecapreny! phos- 
phate (UndP), a lipid carrier. This 
means that ArnT must bring two lipid 
substrates, lipid A and the UndP-L- 
Ara4N, together to the active site for 
catalysis to occur. 

The team, led by Columbia Univer- 
sity scientists, working together with 
colleagues from the University of Geor- 
gia, the Medical College of Wisconsin, 
Cornell University, the New York Struc- 
tural Biology Center, and the Technis- 
che Universitat Munchen (Germany) 
solved the crystal structures of ArnT 
and ArnT plus UndP at the NE-CAT 
beamlines 24-ID-C and 24-ID-E at the 
APS. The structures revealed that ArnT 
is a monomeric protein with 13 trans- 
membrane domains that span the bac- 
terial inner membrane, 3 juxtamem- 


brane helices, and a soluble domain 
that is oriented toward the periplasmic 
space between the two Gram negative 
bacterial membranes (Fig. 1). They also 
showed that there are are three cavities 
in the structure that are spacious 
enough to accommodate the sub- 
strates. 

Cavity one is the largest and is hy- 
pothesized to bind to lipid A due to its 
size and the configuration of hydropho- 
bic and hydrophilic regions in the 
space. It is part way in the membrane 
and part way out of the membrane and 
the hydrophobic area is oriented in 
such a way that it is potentially accessi- 
ble from the outer leaflet of the inner 
bacterial membrane. However, in the 
ArnT structure, the opening for cavity 
one appears to be partially blocked by a 
periplasmic loop between transmem- 
brane domains 7 and 8. Interestingly, in 
the ArnT plus UndP structure, binding of 
the UndP substrate causes a conforma- 
tional shift involving a rearrangement of 
the loop and may thus allow lipid A to 
bind. This suggests that the lipid A and 
UndP substrates bind in sequence, with 
UndP binding first. 

Cavity two is smaller than cavity 
one and is mostly hydrophilic and within 
the membrane region. It has a small 


passage that connects it to cavity one. 
The ArnT plus UndP structure shows 
that the charged end of the UndP binds 
to cavity two while the hydrophobic end 
of the UndP binds to cavity three. Cav- 
ity three is close to the cytoplasmic (in- 
terior of the cell) side of the membrane 
and is hydrophobic in nature. The UndP 
structure shows the interactions of con- 
served amino acids in cavity two that 
appear to be essential for binding the 
hydrophilic end of UndP. 

Finally, the structure pinpoints the 
location of a zinc ion that is coordinated 
by amino acids that are important for 
ArnT function. This zinc ion is located 
above cavity two and mutations that 
disrupt zinc binding also block resist- 
ance to polymyxins. The team hopes to 
use the valuable information they have 
discovered about ArnT to design drugs 
that can reverse polymyxin resistance, 
adding their own new weapons to the 
antibiotic resistance arms race. 

— Sandy Field 
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Fig. 1. Structures of aminoarabinose transferase ArnT from Cupriavidus metallidurans in the apo and 


UndP-bound conformations. The transmembrane domain (TMD) is shown in spectral (rainbow) coloring 


spanning purple (N-term.) to yellow (C-term.). The periplasmic domain (PD) is shown in orange. N- and 


C-termini of the protein are labeled (N,C). Zinc bound to the apo structure is shown in dark orange. 


Notable features of the structures (zinc, cavities, TA7 and TM8, flexible loop) are annotated on the 


structure(s). The undecaprenyl phosphate molecule in the UndP-bound structure is shown in ball and 


stick representation in magenta color. The coloring for cavities is identical between the apo and UndP- 
bound structure. (PDB codes: apo; 5EZM, UndP-bound; 5F1 5). 
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WATCHING THE COMPLETE CYCLE OF 
CELLULOSE BIOSYNTHESIS 


ellulose is a linear polymer made from single glucose molecules that are joined to- 

gether by their C1 and C4 carbons. The most abundant polymer on Earth, cellulose 

is a structural molecule produced primarily by vascular plants (plants that have lig- 
nified tissues for conducting water and minerals throughout the plant), but also by some bac- 
teria and even animals. An understanding of the molecular mechanism underlying production 
of this molecule holds tremendous potential for applications ranging from bioenergy to devel- 
opment of agents to treat complex biofilm infections. Using the APS, researchers were able to 
take snapshots of the cellulose synthase BcsA-BcsB at intermediate stages of cellulose 
biosynthesis. By observing these states within the context of an ordered protein crystal, or in 
crystallo, the high-resolution diffraction pattern obtained provided unprecedented insights into 
the biosynthesis mechanism. 





Fig. 1. A surface-model depiction of the bacterial cellulose synthase BcsA-BcsB 
complex. The complex is embedded in the cell membrane, and BcsA (green) and 
BcsB (lilac) subunits are sufficient to synthesize and translocate the cellulose poly- 


mer (red) in a processive manner. 


In order to serve its biological func- 
tion, cellulose must be synthesized and 
secreted from the cell by a membrane- 
embedded protein complex. As a pro- 
cessive and membrane-embedded gly- 
cosyltransferase, cellulose synthase is 
able to build long liner cellulose chains 
from glucose building blocks and pass 
these chains through a membrane 
channel formed by the same enzyme in 
a process called translocation. 

In this work, researchers from the 
University of Virginia School of Medi- 
cine and the University of British Co- 
lumbia (Canada) were able to detail, for 
the first time, each of the steps in a 
complete cycle of cellulose synthesis 
thanks to high-resolution "snapshots" of 
the BcsA-BcsB complex in various 
stages of cellulose synthesis (Fig. 1) 
obtained using high-brightness x-rays at 
the SER-CAT 22-ID-D, GM/CA-XSD 23- 
ID-B and 23-ID-D, and NE-CAT 24-ID-C 
beamlines of the APS. This complex 
method, called in crystallo enzymology, 
examines the changing structure of the 
complex as it moves through each of 
the steps of synthesis and translocation 
by collecting diffraction patterns of the 
complex at each stage of the process. 
Complementary biochemical experi- 
ments confirm the importance of the ob- 
served conformational changes of the 
protein and provide functional support 
for the model. 

Together, the results of this study il- 
lustrate the mechanism by which the 
BcsA-BcsB complex synthesizes and 
transports cellulose across the plasma 
membrane. In order to synthesize cellu- 
lose, BcsA must first recognize the 
UDP-activated glucose (UDP-Glc) that 
serves as a Substrate for the elongation 
reaction. After the glucose is transferred 
from UDP-Glc to the elongating cellu- 
lose chain, UDP must be replaced with 
a new substrate molecule. This is ac- 
complished by a series of conforma- 
tional changes in the protein. These in- 
clude both the retraction of a catalytic 
site “gating loop” from the active site, 


such that UDP can leave and a new 
UDP-Glc molecule can bind to the cat- 
alytic pocket and the movement of a 
"finger helix," a short alpha-helix that 
contacts the last glucose unit of the cel- 
lulose chain, from the "up" position to 
the “down” position. Upon binding of a 
new UDP-Glc molecule, the finger helix 
returns to the "up" position and pushes 
the elongated cellulose chain into the 
transmembrane channel, thereby begin- 
ning the cycle again. This ratcheting 
movement pushes the cellulose through 
the transmembrane channel of BcsA af- 
ter each elongation cycle, one glucose 
unit at a time. 

Cellulose is an important polymer 
for production of biofuels, is a major 
component of plant fibers (e.g., cotton 
and wood) and is central to the forma- 
tion of bacterial biofilms. 

With the structure of the BcsA- 
BcsB complex as a springboard, future 
work will include comparative studies 
that assess the differences and similari- 
ties between the Rhodobacter BcsA- 
BcsB complex presented here and 
complexes present in plants. In addi- 
tion, future mechanistic studies that ad- 
dress how cellulose is transported 
across a second outer membrane pres- 
ent in gram-negative bacteria may pave 
the way for development of anti-micro- 
bial agents for difficult-to-treat biofilm in- 
fections. — Emma Nichols 
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BEGINNING TO SEE THE LIGHT 


unlight powers nearly all life on Earth. In order to make the most effi- 

cient use of this life-giving energy source, photosynthetic organisms 

including plants, fungi, and bacteria have developed complex molec- 
ular machinery for detecting and orienting towards light. A key piece of this ma- 
chinery is a class of proteins called phytochromes. Embedded in the heart of 
phytochromes are light-sensitive molecules called chromophores, which, upon 
absorbing light, deform in a stereotyped manner. These atomic-level structural 
changes are amplified to produce nanoscale changes to the structure of the 
surrounding phytochrome. Such changes ultimately lead to changes in gene 
expression that drive movement of the organism towards the light source, but 
the structure of photoactivated phytochrome and the nature of the conforma- 
tional changes it experiences were not known. Previously, a team of researchers 
used an x-ray scattering method to examine the detailed molecular structure of 
an incomplete version of a phytochrome protein from the extremophile bacte- 
ria species Deinococcus radiodurans. In a new study, the same research team 
was able to study the entire intact protein. Comparisons of the resting and ac- 
tive states of the intact phytochrome with time-resolved x-ray scattering carried 
out at the APS revealed that light absorption induces a fluid corkscrew motion 
within the phytochrome structure, in contrast with the simpler trap-door motion 
that was observed in the earlier study of the partial phytochrome. These find- 
ings fill in critical gaps in the knowledge of the structural changes that phy- 
tochromes undergo during the detection of light. Modifications to these 


important proteins could lead to advances in medicine and agriculture. 


Phytochromes are composed of 
evolutionarily conserved domains. The 
Per/Arndt/Sim (PAS) and phosphodi- 
esterase/adenyl cyclase/FhlA GAF do- 
mains assume a tightly packed, globu- 
lar structure stabilized by a 
figure-eight-like knot formed by the 
backbone. The PHY domain is con- 
nected to the GAF domain through a 
long helical spine. Embedded in the 
PAS or GAF domains are light-absorb- 
ing chromophore molecules. The so- 
called PHY "tongue" makes contact with 
the chromophore and is folded over in 
the phytochrome's resting state and 
flipped upwards in the active state. Fi- 
nally, upon conformational changes 
within the phytochrome, histidine kinase 
output domains initiate the expression 
of specific sets of genes, which regulate 
the organism's response to the pres- 
ence of light. 

When light excites the chro- 
mophore, an internal rotation is caused 


when a bond between neighboring car- 
bon atoms within the molecule breaks 
(Fig. 1). Little is known about how this 
structural change is coupled to the re- 
mainder of the protein. Two years ago, 
using time-resolved x-ray scattering, 
this team of researchers observed a 
large-scale change from the resting to 
active stages of a truncated, mutant 
version of phytochrome from Deinococ- 
cus radiodurans that was lacking the 
histidine kinase output domains. The re- 
searchers concluded that the primary 
structural change within the photoacti- 
vated phytochrome was the refolding of 
the PHY tongue, like a flap closing 
down over a hole. 

More recently, the same team of 
researchers from the University of 
Gothenburg (Sweden), the University of 
Jyvaskyla (Finland), The University of 
Chicago, Tampere University of Tech- 
nology (Finland), the Paul Scherrer In- 
stitut (Switzerland), and the European 


Synchrotron Radiation Facility (ESRF, 
France) employed time-resolved x-ray 
scattering at the BioCARS beamline 14- 
ID-B of the APS, and at beamline IDO9B 
of the ESRF, to characterize the full- 
length phytochrome from Deinococcus 
radiodurans with the histidine kinase 
output domains intact. 

The time-resolved x-ray scattering 
technique utilizes an optical laser pulse 
to initiate the photoreactions of a phy- 
tochrome protein and an x-ray probe to 
monitor the ensuing structural changes. 
Because x-rays scatter off all atomic 
pairs in the protein, an x-ray scattering 
pattern provides real-time information 
on structural dynamics. 

This new set of experiments re- 
vealed that a twist of the histidine ki- 
nase output domains with respect to the 
chromophore-binding domains repre- 
sents the dominant change between 
the photoactivated and resting states. 
The time-resolved data further show 


Fig. 1. Activation of a phytochrome, a light-de- 
tecting protein found in bacteria, fungi and 
plants. When light strikes the phytochrome, 
light-absorbing molecules called chromophores 
undergo conformational changes. These subtle 
structural changes are transduced throughout 
the protein, causing an internal rotation that 
triggers the expression of specific genes that 


indicates the presence of light to the organism. 


1) Red light 


that the small, localized structural 
changes in the chromophore-binding 
domains occur on the microsecond time 
scales. The global structural change 
propagates outwards to the entire phy- 
tochrome structure within a few millisec- 
onds. 

This new knowledge regarding the 
structural changes that the phy- 
tochrome undergoes upon activation by 
light may be used by scientists to direct 
the manipulation of the protein in the 
name of making advances in numerous 
fields, including medicine and agricul- 
ture. — Chris Palmer 
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LESSONS FROM IMPERFECT ATTEMPTS 


TO REPLICATE DAMAGED DNA 


ancer, aging, and a host of other diseases are linked to damage or 

“lesions” in DNA, the molecular blueprint for a cell. The body has 

developed a sophisticated machinery to deal with DNA damage. 
For example, human translesion polymerase yn can bypass DNA damage 
caused by UV radiation. Unfortunately, the polymerase can also bypass inten- 
tional damage inflicted by the anticancer drug cisplatin, leading to chemore- 
sistance. Sometimes, though, the polymerase can get it wrong, leading to 
errors in the replicated DNA. Damage that takes the form of a segment of DNA 
bound to the cancer-causing chemical 1,N9-ethenodeoxyadenosine (*etheno") 
triggers error-prone bypass by polymerase 7. To figure out why the polymerase 
makes miscoded DNA in this case, researchers solved the structure of poly- 
merase 7 in complex with etheno-damaged DNA using x-ray diffraction data 
collected at the APS. Insights from structural studies into how polymerases by- 
pass DNA damage may pave the way to the discovery of inhibitors of transle- 
sion synthesis, helping chemotherapeautics such as cisplatin remain effective. 


The source of DNA damage can 
come from outside the body, such as 
with environmental pollutants, or inside 
the body, as with free radicals. Etheno 
lesions are known to stem from expo- 
sure to vinyl chloride, an industrial 
chemical used in the production of 
PVC. Scientists have also observed 
that rats that hadn't encountered vinyl 
chloride can also develop etheno le- 
sions, which were eventually attributed 
to lipid peroxidation. The etheno lesion 
in both cases consists of two extra car- 
bon atoms attached to a DNA base in 
an exocyclic arrangement. 

To explore the structure and kinet- 
ics of the replication of DNA strands 


< Fig. 1. Structural basis of error-prone bypass 
of the etheno-dA DNA adduct by human poly- 
merase N revealed by the crystal structure of 
the ternary polymerase*sDNA*dNTP complex 
trapped at the insertion stage. The illustration 
depicts the staggered arrangement between 
the incoming non-hydrolyzable dATP analog 
and etheno-dA from the DNA template strand 
at the polymerase active site that is consistent 
with frameshifting. The template strand is on 
the left and the primer strand is on the right, 
carbon atoms of etheno adduct and dATP ana- 
log are colored in magenta and blue, respec- 
tively, Mg?* ions are light green spheres, and 
side chains of selected amino acids are shown 


and are colored by atom. 


with etheno lesions by human transle- 
sion DNA polymerase 1, researchers 
from Vanderbilt University School of 
Medicine performed a series of kinetic 
experiments. They discovered that the 
polymerase prefers to incorporate dATP 
or dGTP, compared to dTTP, across 
from the etheno lesion. Additional 
analysis using mass spectrometry re- 
vealed the same preference for purines, 
while also showing that the polymerase 
tends to not only create a point muta- 
tion, but in some cases a complete 
frameshift, suggesting "slippage" of the 
polymerase around the lesion. 

As a next step, the researchers 
wanted to get a close look at what was 
going on, so they generated five differ- 
ent crystals of the polymerase in com- 
plex with a DNA construct containing an 
etheno lesion. Three of those crystals 
captured the polymerase at the stage of 
replication known as "insertion," while 
the other two crystals were in the "ex- 
tension" phase. All five crystal struc- 
tures were solved to high-resolution us- 
ing data from the LS-CAT 21-ID-F and 
21-ID-G beamlines at the APS. 

From two of the insertion struc- 
tures, the team was able to figure out 
why the polymerase tends to produce 
frameshift misincorporations. Non-hy- 
drolyzable dATP or dGTP analogs in 
the complex were found not to pair with 


the etheno lesion, but instead to form a 
staggered configuration that would lead 
the polymerase to omit a base pair at 
that site. Another insertion site structure 
showed the dTTP positioned opposite 
to the lesion, forming two hydrogen 
bonds with the etheno adduct, though 
in an energetically unfavorable confor- 
mation. The extension site complexes 
provided insights into why dTTP isn't 
the preferred nucleoside for the poly- 
merase to place opposite of the etheno 
adduct, based on an observation of dis- 
order in a portion of the DNA primer. 

— Erika Gebel Berg 
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EGF Repeat 





Fig. 1. Schematic of Rumi in complex with Notch. Right: A model based on the Rumi-EGF crystal 
structure shows how Rumi recognizes one Notch EGF repeat (in yellow) among others. Left: Schemat- 
ics showing the chemical mechanism for how Rumi modifies the serine (Ser) in an EGF repeat by 


adding glucose. 
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MODULATING A MAJOR DRIVER 


OF DEVELOPMENT 


uring development of multicellular organisms, a major signaling 

protein called Notch controls the expression of genes to help de- 

termine which cells should develop into specific cell types, like 
skin, heart, or neurons. Defects in Notch function can cause birth defects. 
Notch has also been shown to have tumor promoting activity and can lead to 
various cancers, especially leukemias. In the normal course of development, 
the function of Notch can be modified by a number of other proteins. One such 
protein, Rumi, modifies Notch by adding glucose molecules to the protein. Mu- 
tations in Rumi are linked to a number of diseases including a skin disorder 
called Dowling-Degos disease and a form of muscular dystrophy. Researchers 
working at the APS have created the first atomic-level structural models of 
Rumi in complex with Notch and glucose. These models reveal the details of 
Rumi's interactions with Notch, paving the way for potential anti-cancer med- 


ications that target Rumi. 


While the genomes of multicellular 
organisms contain many thousands of 
genes, it is the complex patterns in the 
way these genes get expressed during 
the various stages of early life that 
guide organisms' development. Gene 
expression is systematically controlled 
by signaling proteins that tell neighbor- 
ing cells in the developing organism 
what cell type to become and when. 
One important signaling protein, called 
Notch, is a complex protein chain that 
spans the cell membrane with 36 re- 
peating folds, called EGF repeats, in its 
extracellular portion that can each be 
modified by enzymes in different ways 
to control the protein's overall function. 

Many of the enzymes that can 
modify Notch have been identified, as 
have the resulting changes to Notch's 
function. The protein Rumi—associated 
with a variety of diseases, including a 
form of skin hyperpigmentation called 
Dowling-Degos disease and a form of 
muscular dystrophy—is the only protein 
that has been found to modify Notch, as 
well as other signaling molecules, by 
adding glucose molecules to the pro- 
tein. Indeed, this process, called glyco- 
sylation, is essential for Notch to fold it- 
self into its final complex form and, 
therefore, to function normally. 

In addition to its role in develop- 
ment, mutated forms of Notch can func- 
tion as oncogenes, driving tumor forma- 
tion especially in leukemias. Rumi itself 


is also known to be overexpressed in 
some leukemias. Therefore, Rumi may 
be an important target of anti-cancer 
medications. However, to accurately 
target Rumi, it would be important to 
understand with precise detail the way 
in which it adds glucose to Notch. Yet, 
this mechanism has been elusive for a 
variety of reasons including the difficulty 
in generating sufficient amounts of 
Rumi protein. Large amounts of pro- 
teins are required to generate the struc- 
tural models necessary to determine 
these mechanisms. 

Researchers at Brookhaven Na- 
tional Laboratory, the University of 
Georgia, and Stony Brook University 
overcame the challenges in generating 
samples of Rumi. Historically, large 
amounts of proteins have been gener- 
ated using bacteria, but enzymes like 
Rumi do not fold properly when ex- 
pressed in bacteria. Recent improve- 
ments in use of human cells to generate 
large amounts of enzymes like Rumi al- 
lowed these researchers to produce 
sufficient properly folded protein to per- 
form structural studies. They also took 
advantage of a fruit-fly-derived version 
of Rumi and a human protein that offers 
a reasonable facsimile of Notch to gen- 
erate co-crystals. The scientists then 
used extremely bright x-rays at the 
LRL-CAT 31-ID-D beamline at the APS 
and National Synchrotron Light Source 
(NSLS) beamlines X25, X29, and X4A 


at Brookhaven National Laboratory to 
probe the crystal structures of Rumi 
bound to Notch and reconstructed 
three-dimensional images of the struc- 
tures. 

The research team's detailed 
three-dimensional molecular structures 
revealed that Rumi recognizes a six- 
amino-acid sequence—C-X-S-X-(P/A)- 
C—on many of the EGF repeats of 
Notch (Fig. 1). When Rumi binds, the 
section of Notch that accepts glucose 
molecules fits very precisely into the ac- 
tive site on Rumi. 

The team subsequently found that 
five Rumi mutations identified in can- 
cers and Dowling-Degos disease are 
clustered around an active site that fa- 
cilitates glycosylation and that these 
mutations adversely affect Rumi's activ- 
ity. The researchers conclude that dis- 
ruption to Rumi activity may partially un- 
derlie these diseases, and that the 
mechanistic insights gained in this 
study may facilitate the development of 
new cancer therapeutics that target 
Rumi's modulation of Notch signaling. 

— Chris Palmer 
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A NOVEL ROUTE TO A RNA CAP 


he transcription of DNA into RNA is a universal aspect of life, and the 

integrity of the process is essential for an organism's health. Putting 

a chemical "cap"—7-methylguanylate—on the end of a eukaryotic 
mRNA is one way a cell ensures that the mRNA is stable, efficiently translated, 
and shipped to the right location within the cell. Recent evidence suggests that 
capping may also occur in prokaryotes, but, instead of 7-methylguanylate, the 
bacterial caps contain nicotinamide adenine dinucleotide (NAD*/NADH) or 3’- 
desphopspho-coenzyme A (dpCoA). Eukaryotic capping with 7-methylguany- 
late occurs after the initiation of transcription, as a chemical reaction that adds 
7-methylguanylate to a pre-formed RNA 5’ end. Researchers initially suspected 
the process would be similar in bacteria, but turns out, they were wrong. In this 
study, relying partially on evidence gathered at two U.S. Department of Energy 
Office of Science user facilities, the APS and the National Synchrotron Light 
Source II (NSLS-II), researchers found a completely different capping mecha- 
nism, one that may also occur in eukaryotes. This novel insight into the funda- 
mental process of transcription is a game changer, generating a new paradigm 
for how cells process genetic information. 
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Fig. 1. A side-by-side comparison of the initial product complexes of transcription using different 
initiating nucleotides: ATP (A), NAD"* (B), and 3' dpCoA (C). The DNA template strand is shown in 
red, the initial RNA transcription product is shown in pink, the violet sphere is the RNAP active-cen- 
ter catalytic Mg?* ion, and BH is the RNAP active-center bridge helix (a-helix that forms wall of 
RNAP active center). 


In canonical transcription initiation, 
RNA polymerase (RNAP) starts a new 
strand of RNA with an ATP as the first 
(initiating) nucleotide at the 5' end. The 
researchers hypothesized that, since 
NAD*, NADH, and dpCoA share an 
adenosine diphosphate substructure 
with ATP, these nucleotides potnetially 
also could serve as initiating nu- 
cleotides. If true, NAD*, NADH, or dp- 
CoA, which the researchers in this 
study collectively referred to as "non- 
canonical initiating nucleotides" (NCIN), 
would become the 5' end of the RNA, 
capping the end ab initio, as transcrip- 
tion begins. 

To assess the hypothesis that 
NCIN-mediated initiation caps RNA, the 
researchers, from Rutgers University, 
the Czech Academy of Science, 
Charles University in Prague (Czech 
Republic), and Texas A&M University, 
performed in vitro transcription experi- 
ments with Escherichia coli RNAP plus 
a genes for RNAs previously identified 
as likely to have NAD* caps in vivo. 
When ATP was added as the initiating 
enitity , the RNAs were uncapped and 
were sensitive to digestion by RppH, an 
enzyme that selectively digests un- 
capped RNAs and insensitive to diges- 
tion by NudC, an enzymethat selec- 
tively digests capped RNAs. In 
contrast, when NAD*, NADH, or dpCoA 
was added as the initiating entity, the 
RNAs were capped, as demonstrated 
by insensitivity to RppH and sensitivity 
to NudC, and also, directly, by mass 
spectrometry. 

The researchers confirmed these 
results in vivo as well, and then demon- 
strated that NCIN capping has func- 
tional consequences in bacterial cells. 
They assessed the stabilities of NCIN- 
capped RNAs, comparing them to un- 
capped RNsA, by tracking how long 
they remained in the cell after the addi- 
tion of an RNA-synthesis inhibitor ri- 
fampin. The NCIN-capped RNAs had 


longer half-lives than the uncapped 
RNAs, corresponding to a three- to 
four-fold increase in stability with cap- 
ping. Furthermore, NCIN capping ap- 
peared to relate to the bacterial growth- 
phase, with two-fold higher capping in 
the stationary phase versus the expo- 
nential phase. 

While capping with NAD*, NADH, 
and dpCoa had only been observed in 
bacteria, the researchers wondered if it 
also may occur, and may have the 
same mechanism, in eukaryotes. To be- 
gin to answer that question, the re- 
searchers perfomed analogous in vitro 
experiments with a eukaryotic version 
of RNAP, years RNAP II. The eukaryotic 
RNAP appeared to have no problem 
using NAD* or NADH as an initiating 
nucleotide, forming products that were 
sensitive to NudC and insensitive to 
RppH. The researchers concluded that 
eukaryotic RNAP was capable of using 
NCIN and that the resulting RNA prod- 
ucts were capped at the 5’ end, and 
one subsequently published paper and 
another in-press, soon-to-be-published 
paper have confirmed that this type of 
Capping occurs in eukaryotic cells. 

Finally, the researchers examined 
the structural basis for transcription initi- 
ation by solving three crystal structures 
(using data gathered, in part, at the 
SBC-CAT beamline 19-ID-D at the APS 
and beamline X29A at the Brookhaven 
National Laboratory NSLS-II) of RNAP- 
promoter complexes in the presence of 
ATP, NAD+, or dpCoA as the initiating 
nucleotide and CTP as an extending 
nucleotide. In each case, the structure 
revealed that RNAP could indeed use 
the given nucleotide to initiate transcrip- 
tion, and was captured at a stage of the 
transcription reaction that had never be- 
fore been observed, at the threshold of 
RNA extension. For the ATP case, the 
crystal structure is the first to show an 
initial product complex for a cellular 
RNAP. — Erika Gebel Berg 


See: Jeremy G. Bird', Yu Zhang’, Yuan 
Tian’, Natalya Panova2, Ivan Barvik?, 
Landon Greene’, Min Liu', Brian Buck- 
ley’, Libor Krásny?, Jeehiun K. Lee’, 
Craig D. Kaplan?, Richard H. Ebright'**, 
and Bryce E. Nickels1*, “The mecha- 
nism of RNA 5‘ capping with NAD*, 
NADH and desphospho-CoA,” Nature 
535, 444 (2 July 2016). 
DOI: 10.1038/nature18622 
Author affiliations: ‘Rutgers University, 
2Czech Academy of Sciences, ?Charles 
University in Prague, “Bristol-Myers 
Squibb Company, °Texas A&M Univer- 
sity 
Correspondence: 
* bnickels@waksman.rutgers.edu 
** ebright@waksman.rutgers.edu 


This work was supported by National Sci- 
ence Foundation grant CHE-1361462 
(J.K.L.), Welch Foundation Grant A-1763 
(C.D.K.), Czech Science Foundation 15- 
0522885 (L.K., N.P.), and National Institutes 
of Health (NIH) grants NIEHS P30 
ES005022, GM097260 (C.D.K.), GMO41376 
(R.H.E.), GM088343 (B.E.N.), GM096454 
(B.E.N.), and GM115910 (B.E.N.). SBC-CAT 
is operated by UChicago Argonne, LLC, for 
the U.S. Department of Energy (DOE) Office 
of Biological and Environmental Research 
under contract DE-ACO2-06CH11357. The 
National Synchrotron Light Source Il is a 
U.S. DOE Office of Science User Facility op- 
erated for the DOE Office of Science by 
Brookhaven National Laboratory under Con- 
tract No. DE-SC0012704. This research 
used resources of the Advanced Photon 
Source, a U.S. DOE Office of Science User 
Facility operated for the DOE Office of Sci- 
ence by Argonne National Laboratory under 
contract no. DE-AC02-06CH11357. 


19-ID-D * SBC-CAT * Life sciences * Macro- 
molecular crystallography, multi-wavelength 
anomalous dispersion, subatomic («0.85 À) 
resolution, microbeam, ultra-low-temperature 
(15K), large unit cell crystallography, single- 
wavelength anomalous dispersion * 6.5-19.5 
keV ° On-site, remote, mail-in e Accepting gen- 
eral users * 


How CELLS DISTRIBUTE GENETIC MATERIAL 


DURING CELL DIVISION 


he yeast MIND complex is critical for ensuring that a dividing cell's 

duplicated genetic material, packaged as chromosomes, is shared 

appropriately by the daughter cells. This process is complex and 
often dysregulated in pathologies such as cancer and birth defects. In order to 
develop an atomic model to help explain the most interesting regulatory prop- 
erties of the MIND complex, researchers used the APS determine its structure. 
In conjunction with complementary biochemical data, the structure showed 
specific ways in which molecular signals govern the assembly and disassem- 
bly of the proteins that drive chromosome "segregation" into daughter cells. 


v. —— — spindle 
microtubule 





dividing yeast cell 





chromosome 


Fig. 1. The mitotic spindle separating chromo- 

Within animal cells, DNA is organ- 
ized into distinct chromosomes. During 
cell replication, or mitosis, cells repli- 
cate and divide their genetic material 
into two daughter cells. As a part of this 
complex and elegant process, thread 
like structures, called microtubules, at- 
tach to each of the cell's duplicated 
chromosomes at a structure called a 
kinetochore. The chromosomes are 
then evenly separated into the daughter 
cells as the mitotic spindle pulls the 
chromosomes apart to opposite poles 
of the dividing cell (Fig. 1). To ensure fi- 
delity, the process is tightly controlled, 
and the proteins involved must be ac- 
tive at the right location at the appropri- 


somes in a budding yeast cell (left), requires 
attachment of spindle microtubule (grey) to the 
chromosome (orange) via a kinetochore (cen- 
ter). The MIND complex (structure shown far 


right) is critical for kinetochore assembly. 


ate time. Cells that mistakenly inherit 
multiple copies of a chromosome, or 
are missing a chromosome, cannot 
function: dysregulatin of chromosome 
segregation during development can 
cause birth defects, and is a molecular 
hallmark of many types of cancer. 

The kinetochore is an assembly of 
proteins that connects the chromosome 
to the microtubules of the mitotic spin- 
dle. The MIND assembly has an espe- 
cially important role in regulating kineto- 
chore assembly early in cell division as 
well as disassembly once cell division is 
complete. To develop an atomic model 
of the MIND complex proteins, 

"Genetic" cont'd. on page 166 


LEARNING THE TRICKS OF A 


DOUBLE-I IMING ENZYME 


ost enzymes have one job, with structures that are honed by 

evolution for a single specific purpose. However, a few special 

enzymes do double duty, targeting two different substrates. Such 
enigmatic catalysts beg the question of how one enzyme, with a single structure, 
recognizes two substrates with different structures. To answer that question, a 
team of researchers used the APS to solve the structure of a dual-specificity 
enzyme in the act of catalysis. The researchers focused on RImN, an RNA 
methylase that targets both ribosomal RNA (rRNA) as well as transfer RNA 
(tRNA). These methylation reactions are critical for integrity during translation 
of genetic information. While the rRNA and tRNA substrates share little se- 
quence similarity, the findings reveal that at the level of three-dimensional struc- 
ture, they may not be so different after all. The study also highlights a potentially 
ancient evolutionary connection between rRNA and tRNA. 





Fig. 1. Cartoon diagram of RNA-modifying enzyme RImN (blue) 
bound to transfer RNA (gray). 


RlmN is known bestfor its ability to 
methylate C2 of adenosine A2503 of 
the 23S rRNA subunit. The C2 of 
adenosine is relatively inert, requiring 
some extra effort on RImN's part for 
methylation. RImN uses an iron-sulfur 
cluster to coordinate the cofactor S- 
adenosylmethionine (SAM), which sup- 
plies the methyl group for the reaction. 
Unlike most SAM methyltransferases, 
RImN employs a second equivalent of 
SAM that is used to overcome the inert- 
ness of the C2 of adenosine. This ac- 
tivity places RImN in another group of 
enzymes termed radical SAM enzymes. 
These catalysts share a basic reaction 
scheme that involves cleaving SAM re- 
ductively to produce a radical intermedi- 
ate, facilitating abstraction of a hydro- 
gen atom from substrate to jumpstart 
complex multi-step radical reactions. 

RImN's large nucleic acid substrate 
presents challenges for structural study. 
To better understand its ability to modify 
RNA, the research team from Pennsyl- 
vania State University took advantage 
of knowledge about the role of two of 
RImN's cysteine residues, C118 and 
C355. These amino acids orchestrate 
the methylation reaction chemistry. The 
researchers generated a C118A RImN 
variant known to become cross-linked 
to RNA during the reaction, stopping 
the cycle at an intermediate step. 
C118A even becomes crosslinked to 
unknown RNAs during protein produc- 
tion in Escherichia coli and this mystery 
complex was the first target for crystal- 
lographic analysis at the GM/CA-XSD 
23-ID-B x-ray beamline at the APS. The 
structure revealed that RImN was 
bound to a tRNA, specifically tRNAGlu 
(RIMN C118A-tRNAGIu), at A37. The 
result is consistent with a report in the 
literature of this second methylation ac- 
tivity. Another version of RImN C118A- 
tRNAGlu was produced, crystallized 
with in vitro transcribed RNA, and the 

"Enzyme" cont'd. on page 166 
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researchers from the Harvard Med- 
ical School and the Howard Hughes 
Medical Institute crystallized the MIND 
complex and collected numerous dif- 
fraction patterns to build a molecular 
snapshot, utilizing the NE-CAT 24-ID-C 
and 24-ID-E beamlines at the APS. The 
microfocus and adjustable wavelength 
capabilities of the 24-ID-C beamline, 
along with the pixel-array detector, were 
central to collection of over 400 promis- 
ing data sets used to build the final 
structure. Because the MIND complex 
is inherently flexible, and the crystals 
formed were small and irregular, use of 
the APS was an essential component of 
success, according to the researchers. 

The researchers’ model included 
potential sites at which a type of cell-cy- 
cle dependent chemical modification, 
called phosphorylation, would allow for 
regulation of kinetochore assembly and 
disassembly. Subsequent biochemical 
analysis confirmed that MIND does in- 
deed integrate phospho-regulatory in- 
puts in order to drive kinetochore as- 
sembly and disassembly. In addition, 
the structure offered insight into how 
the interactions between the protein 
members of the MIND assembly can 
withstand the physical forces associ- 
ated with pulling chromosomes apart. 

The findings add to the developing 
molecular description of how cells repli- 
cate their genomes and distribute the 
two copies correctly during mitosis. The 
molecular interactions revealed by the 
MIND structure are a valuable contribu- 
tion to this larger picture. 

— Emma Nichols 
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structure was solved using data col- 
lected at the LS-CAT beamline at the 
APS. The in vivo and in vitro constructs 
sported similar structures and provided, 
for the first time, atomic-level insight 
into the catalytic mechanism behind the 
methylation of RNA by RlmN. 

The crystal structures provided a 
detailed look at the relationship be- 
tween various parts of the enzyme ac- 
tive site and the tRNA, allowing the re- 
searchers to flesh out a detailed 
reaction scheme. RImN uses C355 as a 
methyl carrier, activating it to a methyl- 
ene radical that can attack adenosine 
C2. C118 is required for product re- 
lease, explaining why C118A RlmN is 
stalled at the cross-link stage. Remark- 
ably, the crystal structure shows the 
cleavage products of SAM--5'de- 
oxyadenosine and methionine--linger- 
ing in the active site, suggesting that 
they remain there until the methylated 
RNA is released. 

One of the more surprising revela- 
tions from the crystal structures was the 
orientation of the tRNA. In isolation, 
tRNA forms a distinct compact three-di- 
mensional structure. In the construct, it 
appears as though the enzyme has es- 
sentially pulled the tRNA apart. The en- 
zyme interacts with the tRNA backbone 
and side chains at dozens of points 
along the nucleic acid's length, includ- 
ing the 3'end region, the D-stem region 
and especially the anticodon stem-loop 
region. The enzyme accesses the A37 
site through an induced-fit strategy that 


completely unfolds the stem-loop re- 
gion. The researchers suspect that the 
enzyme's capacity to unwind the nu- 
cleic acid is critical for the recognition of 
both tRNA as well as its target rRNA. 

RImN is one of only two RNA mod- 
ification enzymes with dual specificity. 
The other, RIuA, also targets an rRNA 
and tRNA, but, as this study reveals, 
through an entirely distinct mechanism. 
While RIuA recognition relies on se- 
quence elements that are conserved 
between rRNA and tRNA, RImN ap- 
pears to be able to target two sub- 
strates with little sequence similarity 
based on similarities in their tertiary 
structures. The findings point to an in- 
triguing evolutionary link between the 
core of the ribosome and tRNA, sug- 
gesting they may have originated from 
the same ancestral RNA. 

— Erika Gebel Berg 
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Feng Shi, a postdoctoral researcher with GSECARS at Sector 13 of the APS, is setting up 
a sample for acoustic emission (AE) experiment in the deformation DIA (D-DIA) apparatus 
in the beamline 13-BM-D station. The combination of D-DIA, which allows controlled de- 
formation under high pressure and temperature, and in situ AE monitoring allows users to 
conduct laboratory simulations on deep earthquakes to understand physical mechanisms 
of rock failures in the Earth's deep interior. GSECARS is the only synchrotron facility in 
the world with this unique combination of techniques. 


DISCOVERY OF A NEW MANTLE IRON OXIDE 
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Fig. 1. A cross-section diagram of the Earth's interior depicting the process that generates FeO,: 
the subduction of hydrous slabs containing rust (FEQOH) which, on reaching 1800-km depth, 


undergo a change producing FeO, and H,. The FeO, can be raised again toward the surface 


as part of a mantle plume. 





he theory of plate tectonics relates the chemistry and physics of the 
human-accessible crust and upper oceans with that of Earth's man- 
tle and core. Scientists must know the minerals involved in plate tec- 
tonic processes—especially those in the oxygen-iron system which are not 
present at the Earth's surface— in order to accurately interpret the available 
seismic, thermal, and geochemical data. Now, computational modeling and 
high-pressure synchrotron x-ray experiments at the APS have provided evi- 
dence for the existence of a new iron oxide—FeO,—whose presence and 
chemical interactions could give previously-unavailable insight into a number 


of seismic and geochemical anomalies in the deep mantle. 


Plate tectonics processes such as 
mantle convection, crustal subduction, 
and sea-floor spreading are all affected 
by the compounds participating in 
them. Historical events, such as core- 
mantle separation and atmospheric 
evolution, were also affected by the 
composition and behavior of the miner- 
als involved. So it's important for scien- 
tists to know and characterize deep 
Earth compounds to successfully inter- 
pret measurements of Earth's interior. 
New work by a team composed of re- 
searchers from the Center for High 
Pressure Science and Technology Ad- 
vanced Research (China) and the 
Carnegie Institute for Science Geo- 
physical Laboratory focused on this 
issue. They began with a computational 
analysis searching for possible iron- 
oxygen compounds at pressures from 
100 to 300 GPa. Their models indicated 
that FeO, would be stable and was en- 
ergetically favorable at all the pres- 
sures included in the models. 

To physically create FeO., the 
team put hematite powder (Fe,O3) 
loaded in cryogenically condensed 
liquid O, into a diamond anvil cell and 
raised the pressure to 78 GPa. They 
interrogated the sample by angular 
dispersive x-ray diffraction, only to 
find little change in the sample. How- 
ever, when they heated the sample to 
1800 K at a high pressure, the sam- 
ple turned semi-transparent. X-ray dif- 
fraction results showed a set of peaks 
that did not correspond to Fe5O; or O, 
phases and are described by a simple 
cubic structure with space group Pas. 
The team utilized x-ray diffraction at the 
HP-CAT 16-BM-B and 16-ID-B and 
GSECARS 13-BM-C x-ray beamlines 
at the APS and at the BL15U71 station 
at the Shanghai Synchrotron Radiation 
Facility to confirm the space group of 


the iron oxide compound. 

This new iron oxide, FeO,, is 
highly stable, with a structure similar to 
pyrite. The iron in FeO,, like pyrite, is 
considered ferrous (having a *2 oxida- 
tion state). Further exploration of the 
chemical bonds allowed the team to 
conclude that the way to understand 
FeO, is as wüstite (FeO) holding extra 
Oo. 

But what mechanism creates the 
new iron oxide? The team showed that 
subjecting FEOQOH — more commonly 
known as rust — to the pressures and 
temperatures of the deep mantle 
causes FeO, to form. Figure 1 illus- 
trates the mantle processes involving 
FeO,. The team postulates that the 
FeO, would accumulate in the deep 
lower mantle, and thus could be a 
source of the seismic anomalies there. 
Upwelling mantle plumes could raise 
the FeO, to the middle lower mantle 
where it would decompose to provide a 
source of O,, potentially changing the 
composition of nearby minerals. This 
implies that every slab of surface mate- 
rial sinking as part of plate tectonics 
has most likely contributed to the gen- 
eration of FeO., creating reservoirs of 
the extra O, in the mantle. 

The team further hypothesizes that 
these processes could have provided a 
source of surface O, and thus played a 
part in the Great Oxidation Event 
(GOE), which occurred approximately 2 
billion years ago. Current theories posit 
a primarily biological cause for the in- 
crease of O, in Earth's atmosphere dur- 
ing the GOE. 

This new evidence for the exis- 
tence of FeO, opens up possibilities for 
explaining many of the currently unan- 
swered questions about the deep man- 
tle. But this is only the beginning of this 
effort, as each of those answers begins 


with a more comprehensive under- 
standing of FeO, and its behavior. 
— Mary Alexandra Agner 
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REDUCING THE 


UNDERGROUND MIGRATION OF URANIUM 


Ithough uranium (U) 

has been widely used 

for over 70 years ina 
variety of military and commercial 
roles, the safe disposal and remedi- 
ation of this toxic, radioactive ele- 
ment remains a challenge. Waste 
uranium comes from multiple 
sources, including tailings from min- 
ing operations, the spent fuel rods 
of fission power plants, and decom- 
missioned nuclear weapons. Re- 
gardless of the source, waste 
uranium often ends up below 
ground where it can contaminate 
groundwater, so scientists continue 
to search for strategies to slow the 
underground migration of this toxic, 
radioactive hazard. One strategy in- 
volves introducing substances 
below ground that retard the forma- 
tion of highly-soluble uranium com- 
pounds. In this study, scientists 
exposed uranium oxides to calcium 
and phosphate as a means of keep- 
ing the uranium in a low-solubility 
mineral form. The researchers 
tracked the chemical changes asso- 
ciated with this process using sev- 
eral techniques, including x-ray 
spectral measurements performed 
at the APS). Their observations con- 
firmed that calcium and phosphate 
slow the transition from less-soluble 
uranium compounds to more-solu- 
ble ones. While the protective ef- 
fects of the chemical treatment 
eventually faded under real-world 
oxidizing conditions, the processes 
employed and the data gathered will 
substantially contribute toward the 
goal of reducing subsurface ura- 
nium hazards. 





Fig. 1. Micrographs obtained with a scanning electron microscope (SEM). The images show the results 


of U™ solids oxidized over three days (72 hours). The top two panels compare oxidized UO, with (a) 
no added Ca or PO,, to (b) 400 micromoles/L (400 UM) of added Ca and PO4. The middle and bot- 
tom panels compare oxidized Udo. that had (c) no added Ca or PO,, to (d) 100 UM of added Ca 
and PO,, and (e) 400 UM of added Ca and PO,,. (5-Um scale bars are located at bottom right of 


each micrograph; other data at bottom of each picture displays SEM magnification, etc.) 


Uranium is naturally present at low 
concentrations in soil and rocks, where 
its inherent radioactivity contributes to 
normal background radiation levels. 
However, ground contaminated with 
higher-than-normal concentrations can 
pose serious environmental and health- 
safety risks. When removal of subsur- 
face uranium is impractical, scientists 
attempt to restrict its underground 
movement. The chief culprit in uranium 
migration is groundwater: this heavy 
metal readily forms compounds that 
can dissolve in water. By inducing ura- 
nium to form compounds with low solu- 
bility, its migration can be considerably 
reduced. 

The researchers in this study, from 
Argonne, the Illinois Institute of Tech- 
nology, and the Bulgarian Academy of 
Sciences, tracked the chemical evolu- 
tion of two important uranium com- 
pounds. The first was uranium dioxide, 
UO2, a major constituent of uranium 
ore. The second was a more complex 
uranium/phosphate compound pro- 
duced naturally by subsurface bacteria, 
denoted U-PO4. (In both cases, the ox- 
idation state of the uranium was +4, so 
that these compounds are more pre- 
cisely labeled as U'YO, and U'Y-PO,.) 
The UO, formed nanoparticles, while 
the UV-PO, exhibited an amorphous 
(non-crystalline) structure. In soil, both 
compounds will combine with subsur- 
face oxygen to form new compounds. 
These chemical reactions can change 
the original oxidation state of the ura- 
nium, from +4 to +6 (denoted UY and 
UVI, respectively). This change in oxida- 
tion number is important since com- 
pounds containing U'V are generally 
less water soluble than UY! compounds. 

Initially, UV-PO, and nanoparticu- 
late U'YO, were placed in neutral water 
solutions (pH 7.0) containing dissolved 
oxygen and carbon dioxide. Experi- 
ments were performed with and without 
the addition of calcium (Ca) and phos- 
phate (PO,) to the solutions. Adding 
calcium and phosphate significantly al- 
tered the ensuing chemical reactions. 
This difference can be seen in the mi- 
crographs of Fig. 1, which compare the 
uranium compounds after three days in 
their oxygenated solutions, both with 
and without exposure to Ca/PO,. The 
morphological differences between the 
oxidized uranium solids are dramatic. 


The chemical 
species present in the 
solutions (Some with 
Ca/PO,, others with- 
out) were tracked with 
several distinct meas- 
urement techniques, 
including x-ray absorp- 
tion near-edge spec- 
troscopy (XANES), 
performed at the MR- 
CAT 10-BM-A,B x-ray 
beamline at the APS. 
XANES was used to 20 
Observe the oxidation 
states of the uranium 
compounds present in 
each of the solutions. 

Figure 2 is a plot 
based on the XANES 
data showing that the 
addition of calcium and 
phosphate reduced the 
oxidation rates of the 
UO, and U"-PO, 
compounds, thereby 
slowing the conversion 
from the less-soluble 
UV state to the more-soluble U”! state. 
While the addition of calcium and phos- 
phate lowered the oxidation rate 10- 
fold, the two compounds eventually 
oxidized completely. Nevertheless, this 
finding indicates that subsurface ura- 
nium exposed to sufficient 
calcium/phosphate levels, whether nat- 
urally from the surrounding environ- 
ment or artificially by injection into the 
waste site, is one possible strategy for 
slowing uranium migration. 

Another important observation was 
an observed build-up of a Ca-UY-PO, 
coating on the UO, nanoparticle sur- 
faces, which served to limit further oxi- 
dation. Additionally, the researchers 
expect that the chemical reaction rates 
determined from these experiments will 
be used to improve the numerical mod- 
eling of actual subsurface uranium mi- 
gration. — Philip Koth 
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Fig. 2. Plot of oxidation rates of uranium compounds U" phosphate 
and uranium dioxide, UO,. Data derived from XANES x-ray spec- 
troscopy. Squares represent oxidation data for UO., while circles are 
oxidation data for U" phosphate. Legend at top-right indicates 
whether or not calcium/phosphate was added to solution. Note how 
adding 400 micromoles (UM) of calcium and phosphate significantly 
slows oxidation of both UO, and U'" - phosphate. (*U^'" and "U'" both 


indicate uranium possessing an oxidation state of +4.) 
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ENHANCING OUR UNDERSTANDING OF 
MANTLE MELT FRACTION 
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Fig. 1. P wave velocity as a function of depth for this new data, compared with two preexisting veloc- 
ity-pressure relationships: a global Earth computational model and the extrapolation of Birch's Law 
(labeled 3rd Order Birch-Murnaghan Equations of State). The new results give considerably lower ve- 


locities than the other models due to the amorphous structure of glass. 





cientists study how seismic waves change while traveling through 

rocks in order to determine the composition and physical state of the 

materials that comprise Earth's interior. The current theory relating 
seismic wave velocities and the materials in the mantle relies on results from 
challenging-to-conduct laboratory experiments manipulating crystalline solids; 
consequently, most scientists utilize extrapolations of these existing measure- 
ments for other physical states such as glasses and melts. In research APS, 
an international team discovered that melts do not exhibit the behavior pre- 
dicted by these extrapolations. They further found that existing extrapolative re- 
lationships might overestimate the amount of melt in the Earth's upper mantle. 
This overestimation impacts our current understanding of key concepts in plate 
tectonics, such as the amount of coupling between the plates and the mantle. 


In this new work, a team of re- 
searchers from the University of Califor- 
nia, Davis, Aarhus University (Den- 
mark), Northwestern University, and 
The University of Chicago found that 
melts do not follow the relationship pre- 
scribed by Birch's Law: that the velocity 
of pressure waves, also called P waves, 
increases in denser rocks. Instead, 
melts slow down the seismic waves at 
depths corresponding to the Earth's 
crust and upper mantle. To reach this 
conclusion, the team combined ultra- 
sonic and tomographic data from basalt 
glass to determine the relationship be- 
tween the elasticity and density of the 
glass. 

The team used United States Geo- 
logical Survey standard basalt glass 
from the Columbia River flood basalt 
province as their experimental sample. 
They began by taking volumetric meas- 
urements of the basalt glass using high- 
pressure x-ray microtomography 
(HPXMT) at the GSECARS beamline 
13-BM-D at the APS. From this, they 
determined the density of the glass as a 
function of pressure. 

Next, they measured acoustic 
wave travel times using gigahertz-ultra- 
sonic interferometry at Northwestern 
University. By combining the tomo- 
graphic and ultrasonic results, the team 
determined how P wave velocity, adia- 
batic bulk modulus, and shear modulus 
vary as a function of pressure. 

The values determined for these 
pressure-dependent characteristics 
were unexpected. Unlike a highly struc- 
tured silicate network in a mineral, 
which repeats periodically over a min- 
eral's volume, a glass has a more flexi- 
ble structure because it consists of dis- 
ordered regions: differently sized rings 


and randomly oriented chains of silica 
polyhedra. The team concluded that the 
amorphous structure of the silicate rings 
and chains in the basalt glass were 
what produced the unexpected values 
for these characteristics: the rings and 
chains bend, twist, and buckle when 
compressed, unlike the shortening of in- 
teratomic bonds, which occurs during 
compression of highly ordered silicate 
minerals. 

Another of the team's conclusions 
was that seismic waves move more 
slowly through melts than previously 
thought; seismic wave velocities de- 
crease in basalt glass even in increas- 
ing pressure. Figure 1 shows P wave 
velocity as a function of depth for three 
sets of data, allowing for a visual com- 
parison of how this new data yields 
much lower velocities than those calcu- 
lated by previous studies. 

The implications of this conclusion 
are that most models overestimate the 
amount of melt associated with the low 
seismic velocity zone near the bound- 
ary between the plastically deforming 
portion of the mantle and the rigid shell 
above it, which is comprised of both 
crust and mantle. This overestimate im- 
pacts many existing theories, including 
plate tectonics, which assumes a high 
volume of silicate melts that allow the 
rigid plates to slide without friction over 
the malleable mantle, with little cou- 
pling. A smaller amount of melt would 
require the theory to include friction be- 
tween the plates and the mantle. This 
requirement would increase the com- 
plexity of the theory, but also empower 
it to better account for plate subduction 
since friction between the plates would 
induce coupling and help explain the 
downward forces acting on the plates. 


Seismic wave velocities and plate 
coupling are only two examples of 
large-scale events affected by the 
small-scale amorphous structure of 
basalt glasses. These new results show 
that the behavior of basalt glass under 
pressure offers an updated picture of 
Earth's interior and ongoing geophysi- 
cal processes. 

— Mary Alexandra Agner 
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ICE WITH HYDROGEN STUFFING 





Fig. 1. This artist's illustration depicts the crystal structure of a form of hydrogen-filled ice called C,. 


As determined from x-ray diffraction data collected at APS, hydrogen molecules (shown in blue) are 
held within spiral-shaped channels of water molecules (shown in red and gray). This phase of ice may 


be an important constituent on icy worlds in the outer solar system. 
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ormal ice, as found in a freezer, has a crystal structure with water 
molecules arranged in a hexagonal pattern. However, that's just 
one of the many forms of ice. If one lowered the freezer tempera- 


ture below -100° C or increased the pressure by a factor of a 1000, it would 
make ice in an entirely different arrangement. Likewise, introducing hydrogen 
gas would result in other crystal structures with hydrogen molecules filling in 
spaces between water molecules. A recently discovered hydrogen-stuffed ice, 
called CO, has now been characterized for the first time. Researchers performed 
x-ray diffraction at the APS on single crystals of C, and found that its structure 
is similar to that of the mineral quartz. Due to its stability at low temperature and 
high pressure, this quartz-like ice might potentially be a major "mineral" in the 
crust of ice-covered planetary bodies in the outer solar system. 


Pure ice comes in (at least) 17 dif- 
ferent crystalline structures. In addition, 
there are currently four known hydro- 
gen-stuffed ices, but researchers have 
just started to explore this class of ma- 
terials. Up until now, only three of the 
four H5,*H5O systems have been fully 
characterized. The first, referred to as 
structure two (sll), was found to have 
polyhedral water cages that trap H2 
molecules. The second and third, called 
clathrate one (C,) and clathrate two 
(C^), have structures that resemble 
known forms of ice, but with hydrogen 
gas slipping into gaps between water 
molecules. The fourth member—and 
most recent addition— to this class is 
Cy. It was given this name because it 
forms at lower pressure than C, and 
C», but higher pressure than sll. Early 
evidence for the existence of C) ap- 
peared in 2011, but preliminary experi- 
ments on powder samples were not 
able to definitely identify the structure 
because the crystal grains were too 
small. 

Growing large single crystals of C, 
is tricky. This phase of ice only forms at 
pressures of around 4000 ATM (400 
MPa) and temperatures below 7? C 
(280 K). Using a diamond anvil cell and 
a cryostat, researchers from the 
Carnegie Institution of Washington, the 
University of Hawaii, George Washing- 
ton University, and Lawrence Livermore 
National Laboratory managed to keep a 
mixture of H, and H,O stabilized at the 
Cp freezing point. Under these condi- 
tions, the team grew single crystals of 
CO that were hundreds of microns 
across. 

The researchers analyzed their 
crystal samples with two complemen- 


tary measurement techniques—Raman 
spectroscopy and x-ray diffraction 
(XRD). The Raman spectroscopy, in 
which laser radiation probes molecular 
rotations and vibrations, provided infor- 
mation on the hydrogen atoms. The 
spectra showed a large range of rota- 
tional excitations, indicating that the H, 
molecules are free to rotate inside Co. 
To determine the positions of the water 
molecules in the crystal, the team per- 
formed single-crystal XRD measure- 
ments at the HP-CAT 16-ID-B beam- 
line, which is well-equipped to handle 
highly-pressurized samples. In the ex- 
periments, incoming x-rays with wave- 
length of 0.37 À scattered primarily off 
of oxygen atoms, producing a diffraction 
pattern consistent with a hexagonal 
structure. 

By incorporating the XRD and Ra- 
man information together, the team was 
able to build a three-dimensional model 
of the Cj structure. They found that the 
hydrogen-bonded water molecules form 
a network of spiral-shaped channels, 
and the H, molecules reside inside 
these channels. The fact that hydrogen 
gas makes up 5.3% of the weight of this 
ice structure could prove useful for re- 
newable energy applications. Although 
many engineering hurdles stand in the 
way, one can imagine storing hydrogen 
with a Co-based tank for use in a non- 
polluting hydrogen car. 

The spiral structure of water mole- 
cules in Cg bears a resemblance to the 
atomic arrangement in quartz, which is 
one form of silicate (SiO,). This analogy 
is interesting as scientists have often 
looked for parallels between SiO, and 
H,O, since they both form tetrahedral 
configurations between their atoms. 


And just as quartz is commonly found 
on Earth, C, ice might be fairly abun- 
dant in the outer solar system. The 
presence of CO in the icy crust of a 
frozen world, such as Saturn’s moon 
Enceladus, could affect the temperature 
of the interior, as hydrogen-stuffed ice is 
a poorer conductor of heat than pure 
ice. — Michael Schirber 
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OXYGEN FUGACITY IN CHROMITE 
UNDERSTANDING THE SOLAR SYSTEM 





which were utilized to 


Fig. 1. The black grains in this Martian meteorite — ALH 84001 — are chromite crystals, 


determine the oxygen fugacity of the sample. 
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xygen fugacity (an equivalent of the partial pressure of oxygen in a particular envi- 
ronment, e.g., atmosphere, rocks, etc., corrected for the nonideal character of the 
gas) affects all of Earth's environments, from the deepest core to the atmosphere, 
and even to life itself. Meteorites are gifts from beyond Earth that offer scientists the chance to un- 
derstand the makeup of extraterrestrial bodies, how the early solar system formed, and the 
processes that created the nearby planets and our Moon. Researchers at the APS employed a 
new analytical technique for measuring oxygen fugacity on samples that previously could not be 
measured, expanding our knowledge of our solar system. 


The effects of oxygen fugacity (fO;) 
in different Earth environments vary 
widely. In the Earth’s core, silicon is 
present as an alloyed element in low 
fO», while higher fO, favors oxygen (O) 
or sulphur (S). In the Earth’s interior 
(core and mantle), fO, determines the 
composition of the metal phase and 
whether the silicate minerals are more 
magnesium- or iron-rich. The abun- 
dance of oxygen and water drives ig- 
neous processes, like magma genera- 
tion, fractionation, and low-pressure 
differentiation and the secondary 
processes of thermal metamorphism 
and aqueous alteration. In crustal rocks, 
fO, determines oxidation state—for ex- 
ample, whether iron is present as native 
iron, ferrous iron (Fe2*), or ferric iron 
(Fe?*). High /O; in Earth's atmosphere 
creates a pleasant mix of carbon diox- 
ide and water, but low fO, leads to a 
deadly concoction of methane and car- 
bon monoxide. Since complex mole- 
cules are sensitive to oxidation state, 
life as we know it could only begin in 
the right fO, environment. 

Earth exhibits a higher range of ox- 
idation values than other planets and 
astromaterials due to the presence of 
an O-rich atmosphere, liquid water, and 
hydrated interior from the long-term re- 
cycling provided by plate tectonics. Us- 
ing Earth samples as their models, sci- 
entists measure the fO, of 
extraterrestrial materials to understand 
their sources; e.g., whether a meteorite 
came from a nearby planet or from an 
asteroid. Chondritic and achondritic me- 
teorites, solar gas, Ca-Al-rich inclu- 
sions, zoned metal grains, cometary 
grains, and cosmic dust and asteroid 
particles all record effects of variable 
fO», and thus reveal a great deal about 
the formation of the early solar system. 
On the other hand, the fO, of mete- 
orites plucked from the surface of larger 
bodies with high-pressure interiors such 


as Mars and Earth's Moon show a his- 
tory of degassing, volatile solubility, 
fractionation, assimilation, and ascent 
across a wide range of pressures. 

Many igneous and metamorphic 
rocks contain oxybarometers, mineral 
assemblages that allow researchers to 
measure or at least constrain fO», but 
some do not. In this research, a team 
from NASA-JSC, The University of 
Chicago, and Jacobs Engineering de- 
scribe a new technique for analyzing 
fO, in samples that do not contain tradi- 
tional multi-phase oxybarometers, but 
do contain large and accessible spinel- 
structured chromite. Vanadium (V) pre- 
edge peak intensity and energy in 
chromite varies with fO., so the re- 
searchers measured the valence of 
vanadium in near-edge structures in 
chromite. These measurements were 
made using synchrotron micro-x-ray ab- 
sorption near-edge structure (XANES) 
spectroscopy (SmX) at the GSECARS 
13-ID-E x-ray beamline at the APS. Oxi- 
dation state and coordination affect the 
fluorescent x-ray intensity and energy 
features in the XANES spectrum. The 
XANES derived fO, was determined 
from measurements of experimentally 
produced spinels of known fO}. 

The researchers measured V fO, in 
samples from achondritic meteorites, 
oxidized chondritic meteorites, and ter- 
restrial basalts from the Mexican Vol- 
canic Belt. They reviewed known fO, 
values for primitive materials such as 
achondrites and chondrites for compari- 
son. Chondritic meteorite samples with 
aqueous alteration had slightly higher 
fO, values. The numbers were also 
high in regions where fluids move 
through rock, such as the mantle wedge 
between the surface lithosphere and 
the subducting lithospheric slab in a 
subduction zone, or in the crust. These 
examples again suggest an important 
link between water and oxidation. Earth 


and Mars samples have higher values 
of fO, due to the role of pressure in dis- 
solving volatiles into magmas. Re- 
searchers have lots of information on 
fO, in Earth’s upper mantle, but not 
from other planets since we do not have 
mantle samples from elsewhere. 

By using this new analytical tech- 
nique, known as “V XANES,” scientists 
will better be able to understand the 
oxygen fugacity variation of the inner 
solar system. The technique can be ap- 
plied to a wider range of samples than 
previously possible, leading to a better- 
constrained history for the origin and 
evolution of our solar system. 

— Dana Desonie 
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THE RELATIONSHIP OF METAL IONS TO 
MANGANESE DEPOSITS IN WATER PIPES 


anganese (Mn) is found in surface and ground waters utilized as 

sources for drinking water, typically at low concentrations. 

Human actions, such as fertilizer use, soil disturbances, and min- 
ing, increase Mn in the environment. Protecting the public water supply requires 
understanding the physicochemical characteristics of Mn deposits in different 
types of water distribution pipes. To provide drinking water, public utilities trans- 
port water in metal pipes and treat it chemically with disinfectants such as free 
chlorine or chloramine. Chloramine is less reactive than chlorine so it is not as 
effective as a disinfectant, but it lasts longer in water and so has longer expo- 
sure to the pipes. In this study, researchers analyzed Mn deposits in lead and 
brass pipes from two different utilities, one that disinfects with chlorine and the 
other with chloramine. They mapped the distribution of a wide range of metal 
ions in the Mn deposits utilizing high-brightness x-rays from the APS. The same 
metal ions were present in all Mn deposits independent of pipe composition. 
This study shows that the alloying elements in the pipes and the disinfectants 
did not influence the mineralogy of Mn deposits, and that toxic metal ions may 
be more likely to end up in consumer taps as Mn deposits are destabilized. 


Oxidizing disinfectants and some 
bacteria can oxidize soluble Mn^* to in- 
soluble Mn?* and Mn^*, which can be 
deposited on internal pipe surfaces as 
oxides or oxyhydroxides (birnessite and 
hollandite). In addition, a Mn silicate 
phase (braunite) was identified. Chains 
of MnO, octahedra readily incorporate 
metal ions, e.g., chromium (Cr), copper 
(Cu), iron (Fe), lead (Pb) and strontium 
(Sr). Adsorbed metal ions can then be 
oxidized from less to more toxic forms; 
for example, Cr°* to Cr5*. All of these 
metals, except Fe, potentially cause 
health problems and are of concern to 
the U.S. Environmental Protection 
Agency (EPA). Mn-minerals deposited 
in drinking water distribution pipes or 
the metals adsorbed on their surfaces 
can be resuspended by physical 
processes or changes in water chem- 
istry, typically due to switches in source 
water or disinfection strategy. The dis- 
solution or resuspension of metals can 
then reach consumers taps. 

The researchers, from the Univer- 
sity of Cincinnati and the Naval Re- 
search Laboratory employed x-ray p- 
beam studies at XSD beamline 
20-BM-B at the APS; u-x-ray fluores- 
cence maps (also from 20-BM-B) of the 





Fig. 1. Images of lead water service line 


with brass connector from (a) Utility A and 
(b) Utility B. The scale for both images is in 


centimeters. 


relative concentrations of Cr, Cu, 
Fe,Mn, Pb, and Sr were recorded.Their 
results show that lead pipes contained 
roughly an order of magnitude more 
Mn, but similar metal ion concentra- 
tions. Mn deposits in the brass pipes 
had greater variability in metal ion con- 
centrations, even within the same utility. 
The differences in metal ion concentra- 
tions may result from the differing ratios 
of birnessite, hollandite and braunite 
and how well each adsorbed or incor- 
porated metal ions, although this can- 
not account for the trace metal concen- 
tration differences in the two pipe types. 

The EPA regulates Mn in water for 
esthetic as well as for health effects. 
Drinking water with Mn concentrations 
of greater than 0.05 mg/L is referred to 
as “black water” for its unpleasant color, 
odor and taste. Negative health effects 
are not a concern until concentrations 
are an order of magnitude higher. 
These values are consistent with the 
World Health Organization guide for Mn 
in drinking water. 

The researchers note that this 
study demonstrates the need for ac- 
cess to facilities like APS, in particular 
Sector 20 and their staff, to collect the 
type of data required to more compre- 
hensively understand mineral and 
metal ion distribution in deposits asso- 
ciated with drinking water pipes. 

— Dana Desonie 
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Martin Holt, scientist at the Argonne Center for Nanoscale Materials (CNM), places a 
sample in the Hard X-ray Nanoprobe operated by the CNM and XSD at Sector 26 of the 
APS. This instrument is used for imaging strain fields near defects and interfaces to un- 
derstand structural correlations with chemical activity and dynamics in quantum and 
nanoscale materials for energy. 


BUILDING WITH DNA TINKER Toys 


NA encodes the genetic information of life and thus plays a major role in biology. 

But it also moonlights as a mechanical building block in nanotechnology. Re- 

searchers have developed ways of using it as a programmable bond to assemble 
nanoparticle building blocks into a wide-range of crystalline structures. However, these DNA- 
interconnected nanoparticle superlattices are susceptible to thermal degradation, limiting their 
use in certain practical applications. One solution is to add molecules that slip—or intercalate— 
between the DNA base pairs to make the DNA "bonds" stronger. A new study of this intercala- 
tion technique used x-rays from the APS to monitor the structural changes that occur during this 
process. The researchers identified an intercalator that significantly strengthens DNA bonds and 
used it to construct a complex, hierarchical superlattice architecture, comprised of gold 
nanoparticles in its core and quantum dots in its shell, opening possibilities for the fabrication 
of new, technologically important materials. 


Intercalated 
Superlattice 


Control 
Superlattice 





Fig. 1. Nanoparticles superlattices are linked together with duplexed DNA strands (shown in blue on 
the left). To strengthen these so-called DNA "bonds", researchers can add intercalators (shown in or- 
ange on the right). The middle graphs show X-ray diffraction patterns for both the control superlattice 
(blue) and the intercalated superlattice (orange). At room temperature (RT), one sees crystal diffrac- 
tion peaks for both samples. However, when the solution is heated to 50° Celsius, the control superlat- 
tice disintegrates and the peaks are not seen. The intercalated superlattice, by contrast, maintains its 


structure, which is evidenced by sharp diffraction peaks. Image: Soyoung E. Seo and Mary X. Wang 


DNA-directed nanoparticle assem- 
bly is in some ways a materials scien- 
tists dream. DNA coding allows one to 
pre-program a set of nanoparticles so 
that they assemble with nanometer- 
scale precision into a three-dimensional 
lattice having practically any desired 
crystal symmetry. 

The first step is to chemically at- 
tach DNA strands to the surfaces of a 
set of nanoparticles. Then, one adds 
DNA linkers that hybridize (or bond) 
with the strands anchored to the parti- 
cles. These linkers have short single- 
stranded regions—called "sticky 
ends’—that dangle off the nanoparti- 
cles. If their codes (written in the nucle- 
obases) match up, the sticky end of 
one nanoparticle can bond to the sticky 
end of another nanoparticle. By care- 
fully arranging these “DNA duplex inter- 
connects,” one can build superlattice 
architectures with, for example, a body- 
centered cubic symmetry. 

Although this methodology has 
been utilized to couple nanoparticle 
building blocks of different composi- 
tions together to create complex mate- 
rials, these architectures can 
disassemble when heated above the 
melting temperatures of the DNA inter- 
connects. Researchers have strength- 
ened the bonds by incorporating 
different types of nucleic acids or 
changing sequences. However, if the 
bonds are too strong, the desired ver- 
satility and dynamic nature of the as- 
sembled structures are reduced. One 
solution is to build nanostructures using 
the DNA-directed assembly technique 
and then post-synthetically add small- 
molecule intercalators that can bind to 
the DNA interconnects. These interca- 
lators can insert between the DNA 
bases without disturbing the original 
structures, locking them into place at 
higher temperatures. 

A research team from Northwest- 
ern University investigated a variety of 
ruthenium-based DNA intercalators 
(molecules with a ruthenium core, one 
inserting ligand, and two ancillary lig- 
ands). The researchers modified the 
binding affinities of these molecules to 


DNA duplexes by altering the sterics 
(atomic arrangement) and charge of the 
ancillary ligands. 

In order to study the effect that the 
intercalators had on the bond strength, 
the team incubated the different interca- 
lators in solutions with gold nanoparti- 
cle-based superlattices. They then 
heated each sample and monitored the 
response of the superlattice structures 
with small-angle x-ray scattering 
(SAXS) at the DND-CAT 5-ID-B,C,D 
beamline at APS. The superlattice 
structures were detected through spe- 
cific x-ray diffraction peaks. These 
peaks disappeared above the melting 
temperature of the superlattice (Fig. 1). 

By comparing the intercalated 
samples with a control superlattice, the 
team showed that the intercalators 
raised the melting temperatures—proof 
that their presence strengthened the 
binding of the DNA strands. The inter- 
calator producing the largest effect 
(called “complex 1”) increased the melt- 
ing temperature of the superlattices by 
15° C above that of the non-interca- 
lated sample. The SAXS data agreed 
with other measurements of the melting 
temperature taken with UV-vis spec- 
troscopy. 

To demonstrate the power of this 
technique, the researchers constructed 
a hierarchical structure made with two 
types of nanoparticles. They synthe- 
sized DNA-nanoparticle superlattices 
composed of gold nanoparticles and 
then added complex 1. After the inter- 
calation, the superlattices became 
"fixed seeds" for further nanoparticle 
assembly. The team showed this by 
adding DNA-modified semiconductor 
quantum dots to their seed solution. 
The sample was heated and then slow- 
cooled to allow the DNA-functionalized 
quantum dots to assemble around the 
DNA-functionalized gold nanoparticle- 
based crystal seeds. The seed super- 
lattices withstood the higher 
temperatures thanks to the intercala- 
tors. The resulting core-shell structure, 
which exhibits unique optical proper- 
ties, had never been realized before. 

The ability to significantly raise the 


superlattice melting temperature post- 
synthetically using intercalators opens 
new possibilities in materials fabrica- 
tion. — Michael Schirber 
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Fig. 1. SAXS shows a characteristic scattering pattern 


for a tripple-linker programmable atom. 





uilding devices at the nanoscale can lead to all sorts of new creations, from mo- 
lecular diagnostic tests to tiny lenses for manipulating light, but constructing them 
requires a new set of tools. One approach taken is to synthesize strands of DNA, 
which link to other strands depending on the sequence of nucleic acids with which they are de- 
signed, acting as a sort of programmable glue. Attaching those strands to metal or organic 
nanoparticles gives researchers a set of building blocks that they can arrange and rearrange 
to make a broad range of functional devices. Now scientists using the APS have shown they 
can greatly increase the versatility of those building blocks using DNA-strand topologies that 


mimics multiple bonds between atoms. 


The scientists, from Northwestern 
University, had demonstrated 20 years 
ago that they could make DNA-func- 
tionalized gold nanoparticles and as- 
semble them into crystalline structures. 
They have also used a rigid organic 
molecule as the core of the nanoparti- 
cle, replacing the gold. They have em- 
ployed the building blocks, which they 
term "programmable atom equivalents," 
(PAEs) to create molecular diagnostic 
tests that take advantage of how the 
structures interact with light. 

The PAEs consist of a nanoparticle 
core coated with DNA. A shell of DNA 
“linkers” are added; one end binds to 
the DNA on the nanoparticle, the other 
end remains loose, available to bind to 
complementary linkers on other PAEs. 
The resulting DNA-based “bonds” can 
also be broken by controlled heating at 
a temperature that depends on the spe- 
cific sequence of the DNA linkers. 

In this study, the scientists wanted 
to compare their standard linear linker 
design to those that had two or three 
linkers branching out from the end of 
the DNA strands. Starting with gold 
nanoparticles, they added DNA conju- 
gated with a non-binding poly(ethylene 
glycol) moiety and a thiol group. The 
"poly(ethylene glycol), to which they hy- 
bridized the complementary linkers. 
Heating their samples to between ap- 
proximately 38° C and 49° C, they 
found that the melting temperature was 
higher for the double-linker particles 
than for the single-linker versions, and 
even higher for those with three linkers. 

They also found that the version 
with the double and triple linkers 


showed less strain on the crystals (Fig. 
2). The single-stranded versions have 
to bend and stretch more to find a com- 
plementary strand on a nearby 
nanoparticle to link to, but those with 
more branches are able to contact a 
neighboring strand more easily. Strain 
can change the properties of a crystal, 
for good or ill, so controlling both strain 
and melting temperature gives the re- 
searchers flexibility in tuning the prop- 
erties of the PAEs. 

The study, carried out with col- 
leagues from Argonne, was carried out 
using small-angle x-ray scattering 
(SAXS) at the DND-CAT 5-ID-B,C,D 
beamline at APS, which is equipped to 
provide the resolution needed to see 
spacings of 10s to 100s of nanometers 
between the particles, revealing their 
arrangement. The DND-CAT beamline 
also has a heated stage that allows re- 
searchers to watch the crystallization 
process in action. Of course, DNA is 
easily damaged by x-rays, so the re- 
searchers limited the exposure time to 
approximately 0.1 sec and moved the 
position where the beam hit the sample 
to avoid destroying the DNA. 

Future studies could involve exam- 
ining PAEs made from other types of 
nanoparticles. That could include other 
metals, such as silver, iron oxide, and 
platinum, as well as protein nanoparti- 
cles. The latter could be created with a 
surface chemistry that allows shapes 
beyond the spheres of the gold 
nanoparticles, such as rods with the 
DNA only attached at the ends, in order 
to create a chain of molecules. 

— Neil Savage 
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PEEKING INTO A MICROWAVE REACTOR 


eating is often a necessary ingredient in chemical reactions, and like home cooks, 

chemists can save time by heating with microwaves. Microwave reactors offer a di- 

rect and efficient way of heating reactants for organic synthesis and other indus- 
trial processes. Over the last decade, researchers have begun producing nanomaterials inside 
these types of reactors. One problem, though, is that the microwave radiation can interfere 
with instruments that would normally track the progress of the chemical reactions. To get around 
this, researchers have utilized a synchrotron beam at the APS to probe the interior of a work- 
ing microwave reactor. The x-ray scattering measurements gave a real-time view of the for- 
mation of silver nanocrystals. The resulting data revealed directionally-dependent growth rates, 
which could be used to control the final shape of the nanoparticles that have potential for use 


in a range of applications. 
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In demonstrations, microwave re- 
actors have been used to fabricate a 
wide range of nanomaterials, including 
metal nanoparticles, metal-oxide 
nanostructures and nanoscale biomate- 
rials. Compared to conventional meth- 
ods in which heat is diffused from the 
heating apparatus and applied to an 
entire solution bath, microwaves deliver 
heat directly to the reactants, so less 
energy is wasted. This selective heat- 
ing synthesizes products faster than 
conventional methods, and it opens up 
different reaction pathways involving 
short-lived metastable states. 

To optimize the output from mi- 
crowave nanochemistry, researchers 
need a way to peer inside the reactors 
and observe the structural evolution of 
nanomaterial products. High-energy x- 
rays have the ability to penetrate the 
reactor vessel, as well as the reaction 
solvent, and retrieve information about 
the state of the nanomaterials. 

To explore this potential, re- 
searchers Argonne installed a working 
reactor in the XSD high-energy 1-ID- 
B,C,E beamline at the APS. The setup 
allows samples containing several milli- 
liters of solution to be analyzed in real- 
time using time-resolved high-energy x- 
ray diffraction (HEXRD). 

The reaction that the researchers 
chose to investigate was the nucleation 
and growth of silver nanoparticles. 


< Fig. 1. Time-resolved HEXRD patterns 
recorded in the course of microwave synthesis 
of Ag nanoparticles at 140 °C. (a) Scheme il- 
lustration of the in situ HEXRD experiment 
setup. (b) Contour plot of the HEXRD patterns 
at different reaction times. The green arrows 
highlight the time when the temperature ramp 
ended and the temperature reached 140 °C. 
The standard XRD pattern of Ag (ICDD PDF 
04—001-—3180) was plotted as a reference 
(top sticks). (c) HEXRD patterns at a number of 
key times. The wavelength of the high-energy 
x-ray was 0.1771 Å. From Q. Liu et al., Nano 
Lett. 16,715 (2016). © 2015 American Chem- 


ical Society 


These tiny clusters of silver atoms have 
applications in conductive inks, photo- 
voltaic devices, and anti-bacterial coat- 
ings. For their “recipe,” the researchers 
combined silver nitrate with a reducing 
agent (ethylene glycol) and a surfactant 
(polyvinylpyrrolidone) to help stabilize 
the nanoparticles. By heating the solu- 
tion to 140° C inside the microwave re- 
actor, the researchers could drive the 
reduction reaction that converts silver 
ions into silver atoms. These atoms 
combine to form small crystal seeds 
that eventually grow into nano-sized 
particles. 

The team followed the reaction’s 
progress by taking an x-ray diffraction 
snapshot every minute or so (Fig. 1). 
The first diffraction peaks for silver crys- 
tals appeared about 5 minutes after the 
temperature reached 140° Celsius. As 
time continued, these peaks became 
stronger, indicating that the small crys- 
tal seeds were growing larger. The 
shape of the growth curve indicated that 
the seed formation was a typical first-or- 
der reaction. But within a few minutes, 
the growth accelerated, signaling a shift 
in the reaction dynamics toward a self- 
catalytic reaction. In this case, the 
seeds act as catalysts by providing a 
stable surface on which atoms can 
bind. The reaction rate only slowed 
down when the system ran out of silver 
atoms, which was about 35 min after 
the start of the experiment. 

When compared to conventional 
heating methods, the microwave-based 
generation of silver nanoparticles 
showed less sensitivity to both the initial 
concentration of silver nitrate and the 
amount of surfactant. The real-time 
analysis also revealed a time-depen- 
dent anisotropy in the crystal growth. 
Specifically, the team measured two 
separate diffraction peaks: one peak for 
the Ag(111) crystal plane and the other 
for the Ag(200) plane. In the beginning, 
the Ag(111) peak was relatively larger 
than the Ag(200) peak, implying the 
growth preferentially enlarged the 


Ag(111) plane. This trend was reversed 
in the later stages of the reaction, with 
the nanoparticles growing primarily 
along the Ag(200) plane. 

The observed crystal anisotropy 
could prove useful for controlling the 
size and shape of a nanomaterial. For 
example, an engineer wanting silver 
nanorods of a particular aspect ratio 
could stop the reaction at a particular 
time. Being able to select the geometry 
of a nanoparticle is important for deter- 
mining its catalytic properties. More- 
over, the shape of a nanoparticle de- 
cides which wavelengths of light it will 
absorb. As such, controlling growth dy- 
namics in a microwave reactor could let 
researchers tune the color of a nano- 
material. — Michael Schirber 
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SOUNDING OUT THERMAL CONDUCTORS 
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erecrystals are unusual materials. They consist of extremely thin layers, in which 

each individual layer is well ordered, but the layers are stacked in a random orienta- 

tion, so that the lattice of one layer does not necessarily match with the lattice of the 
next. This endows the ferecrystals with some interesting properties, including low thermal con- 
ductivity, which researchers are trying to understand. If they can, the material might someday 
be used to make miniature thermoelectric converters, which could power tiny sensors or other 
nanoscale devices. One research group, using the APS, looked at a particular type of fere- 
crystal and found surprising results that have the potential for application in thermolectrics. 


Thermoelectric energy generators 
depend on materials with low thermal 
conductivity. If heat moves too easily 
through a material it will dissipate be- 
fore being converted into electricity. To 
study the thermal conductivity of a fere- 
crystal, the researchers from Forsch- 
ungszentrum Jülich GmbH (Germany), 
the Oregon Institute of Technology, the 
University of Oregon, and Oak Ridge 
National Laboratory, together with col- 
leagues from Argonne, made measure- 
ments of the phonons that exist within 
it. Phonons are vibrations in the mate- 
rial that carry energy; having many 
phonons in lower energy states means 
that the material can dissipate heat too 
readily. Higher-energy phonons carry 
heat much less effectively, meaning the 
material has lower thermal conductivity. 

Conventional methods of measur- 
ing phonons, particularly the low-en- 
ergy ones, do not work on these mate- 
rials because they are so small, with 
only a few layers, each with thick- 
nesses measured in nanometers. So 
the researchers turned to nuclear in- 
elastic scattering (NIS), which depends 
on the presence of tin in the ferecrys- 
tals. The researchers struck the nu- 
cleus of a specific tin isotope with an x- 
ray, causing it to ring like a tiny bell and 
producing a vibration that they could 
then measure as it moved through the 
structure, a technique that relies on the 
Móssbauer effect. 

The materials they examined were 
a pair of thin films, approximately 50- 


< Fig. 1. Ferecrystals consisting of alternating 
layers of tin selenide and molybdenum dise- 
lenide were studied with nuclear inelastic scat- 
tering. The resulting phonons that moved 


parallel to the layers had more energy states 


below 10 meV, but a large percent of perpen- 


dicular vibrations were at higher energy levels. 


nm thick, consisting of alternating lay- 
ers of tin selenide and molybdenum 
diselenide. To produce the 23.88-keV 
resonances required for ringing the tin 
bell, they performed the NIS at the XSD 
3-ID-B,C,D beamline of APS. A mono- 
chromator with an energy resolution of 
1.2 meV allowed them to measure the 
phonons moving both parallel and per- 
pendicular to the layers (Fig. 1). 

While a higher percentage of paral- 
lel phonons had energies below 10 
meV, the researchers say they were as- 
tonished to find that in the perpendicu- 
lar direction, the ferecrystals also had a 
high percentage of phonons in the 
higher energy region, between 20 meV 
and 25 meV. In most materials at 
nanoscales, phonons tend to cluster at 
lower energies (Fig. 1). The re- 
searchers do not understand the phe- 
nomenon they witnessed, but say it is 
promising for thermoelectrical genera- 
tion, because the more phonons that 
exist at higher energies, the fewer low- 
energy phonons there are to dissipate 
heat. 

The team also measured the 
speed of sound in the material, which is 
determined by the lower-energy 
phonons, also known as acoustic 
phonons. That result matched well with 
general findings of decelerated 
phonons in nanoscale systems. 

The next step in this research will 
be to apply the same techniques to 
other material systems, to see if they 
produce similar spreads of phonons. 
One material the team may try would 
be tin selenide/titanium telluride sys- 
tems, because the Mossbauer effect 
and NIS also work with tellurium. 

Researchers are still trying to gain 
a fundamental understanding of fere- 
crystals, but if they can figure out why 
the phonon energies are distributed as 


they are, they might then find a way to 
encourage more of the high-energy 
states, which would allow them to make 
better materials for a future generation 
of thermoelectric generators. 

— Neil Savage 
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Argonne physicist and beamline scientist Stanislav Stoupin formerly of the XSD Optics 
Group working on the portable grating x-ray interferometer. This instrument is part of the op- 
tics & detector testing beamline 1-BM-B,C at the APS. 
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Fig. 1. SCU 1 8-2 in Sector 6 of the APS storage ring. 
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Fig. 2. Measured flux versus current and gap 
for SCU 18-2 and Undulator A. 


Development of superconducting 
undulator (SCU) technology continues 
at the APS. The experience of building 
and successfully operating the first 
short-length, 16-mm-period-length su- 
perconducting undulator, SCUO, paved 
the way for a 1.1-m-long, 18-mm-period 
device, SCU18-1, which has been in 
operation in Sector 1 at the APS since 
May 2015. 

The SCU team has recently com- 
pleted one more 1.1-m-long, 18-mm- 
period-length undulator, SCU 18-2, 
which replaced SCUO in Sector 6 in 
September 2016 (Fig.1). 
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Fig. 3. Measured phase errors for superconducting undulator SCU18-2 equipped with the novel gap 


tuning system, in comparison with undulator SCU18-,1 which does not have such a system. 


During its first operating cycle, 12 
different user groups have benefited 
from flux increases of a factor of 4 to 6 
from SCU18-2 over SCUO, depending 
on monochromator energy setting and 
harmonic choice. The plot in Fig. 2 
shows the measured SCU18-2 flux at 
85 keV in comparison with that of Undu- 
lator A. 

A novel magnetic gap tuning sys- 
tem was implemented in undulator SCU 
18-2. It is based on a set of mechanical 


clamps and highly precise gap spacers, 
and allows for reduction of the maxi- 
mum variation in the magnetic gap over 
the length of the SCU magnet to below 
25 um. Correspondingly, the phase er- 
rors do not exceed 2 deg. RMS, as 
shown in Fig. 3. 

The second superconducting undu- 
lator, SCU 18-2, is in continuous user 
operation at APS Sector 6. 

Contact: Yury lvanyushenkov, 
yury@aps.anl.gov 


FIRST TEST OF THE APS UPGRADE 
PROTOTYPE FEEDBACK CONTROLLER 


The ASD Diagnostics and Power 
Supplies Groups, together with the AES 
Controls Group and members of the 
APS Upgrade Project (APS-U) com- 
pleted initial testing of the APS-U feed- 
back controller (FBC) in the spring and 
summer of 2016. Figure 1 shows the 
layout of the “4x4” test hardware lo- 
cated in sectors 27 and 28 of the APS 
storage ring. In green are shown the 
new orbit feedback hardware including 
the FBC at the heart of the test. Four 
insertion device A:PO and B:PO beam 
position monitors (bpms) are connected 
to commercial Libera Brilliance+ bpm 
electronics from Instrumentation Tech- 
nologies Solkan, Slovenia, to obtain 
beam position for processing in the 
FBC. 

The feedback controller receives 
the turn-by-turn (TBT) or 271-kHz 
beam position data, decimates it by 12 
kHz to 22.6 kHz and processes it to ob- 
tain corrector set-points. The corrector 
set-points are then applied using a spe- 
cial test interface between the feedback 
controller and the existing fast corrector 
power supplies. The fast correctors 
used are the A:H3's and B:H4s in sec- 
tors 27 and 28. 

In addition, the FBC is able to send 
its bpm and corrector data to a data ac- 
quisition system (DAQ), which allows 
the data to be captured and includes a 
convenient interface to perform various 
measurements. 

The main objective in this test was 
to stabilize the beam at the Sector 27 
insertion device (ID) A:PO and B:PO 
bpms using the four fast correctors in a 
4-bump configuration. 

In addition to beam stabilization, 
additional goals for the test included 
demonstrating that all hardware func- 
tions properly together, increasing the 
sampling rate by a factor of 15 over the 
existing APS storage ring real-time 
feedback (RTFB) system to 22.6 kHz. 
Key measurements performed with the 
system were closed loop bandwidth 
and total rms motion over the closed- 
loop bandwidth. The top plot of Fig. 2 


shows that at the (hori- 
zontal plane) Sector 27 
upstream B:PO bpm, 
fc=464 Hz closed loop 
bandwidth was 

achieved, which is the 
point at which the orbit 
position at the bpm 
shows no attenuation 
(unity attenuation ratio) 
due to feedback com- 
pared to the open-loop 
or feedback-off case. 
The same result was 
obtained at the down- 
stream A:PO bpm. This 
is about a factor of 5 
above that of the existing 
APS storage ring RTFB 
system. The bottom plot 
of Fig. 2 shows the open- 
and closed-loop inte- 
grated rms motion show- 
ing a closed-loop rms 
motion of 1.85 um from 
~0.3 Hz to 464 Hz. This 
is about a factor of 3 
smaller over the same 
band compared to the 
open-loop case as shown 
in the figure. The closed- 
loop bandwidth and rms 
motion achieved in the 
test is a dramatic im- 
provement over that of 
the operational RTFB 
system, which has a 
closed-loop bandwidth of 
~ 0.1 Hz to 80 Hz, with 
rms motion of 4 um. 


APS-U prototype feedback system 
testing will be extended in FY 2017 to 
nearly a full complement of APS-U 
feedback hardware including 16 bpms, 
and 4 fast and 4 slow correctors. Addi- 
tional mechanical motion detectors at 
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Fig. 1. Layout of the “4x4” test in sectors 27 and 28 of the storage 
ring. Shown in green is the new prototype orbit feedback hardware 


used to perform the test. 
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Fig. 2. Orbit attenuation and closed-loop bandwidth plot for 
S27B:PO (upstream ID PO bpm). Top plot: Orbit attenuation showing 
closed-loop bandwidth cutoff frequency (fc) point from a fit (fc=464 
Hz and and orbit attenuation at the blue square). Bottom plot: 
Open- and closed-loop forward integrated power spectral density 
function indicating 1.85-mm rms motion closed loop from 0.3 Hz to 


the 464 Hz cutoff frequency. 


A main objective of the extended test- 
ing will be to demonstrate how close 
the feedback system can meet the de- 
manding long term and AC stability 
specifications for APS-U (1 um rms 
over 7 days and 1.7-uim and 0.4-um 





the BPMs and next-generation x-ray 
bpms will be incorporated into the sys- 
tem. Latency or time-delays through 
the system will also be greatly reduced, 
which is expected to increase the 


closed-loop bandwidth toward 1000 Hz. 


horizontal and vertical rms motion in 
the band 0.01 to 1000 Hz in the present 
APS storage ring. 
Contact: Nicholas Sereno, 
sereno@anl.gov 


A FAST-CORRECTOR POWER SUPPLY AND 


CONTROLLER 


A new fast-orbit feedback system 
is being developed for the proposed 
APS-U that will have a correction band- 
width more than 10x the existing real- 
time feedback (RTFB) system. Achiev- 
ing this wide bandwidth requires fast 
responses from the storage ring correc- 
tor magnets and associated power sup- 
plies, which must have at least 10-kHz 
bandwidth while also supplying the 
necessary DC current for steering. The 
members of the Power Supply Working 
Team of the APS-U successfully devel- 
oped a fast corrector power supply 
along with a power supply controller 
through the APS-U R&D programs. The 
design is a DC-to-DC converter based 
on a standard H-bridge switching-mode 
circuit with four MOSFET devices as 
the switches to provide a bipolar output 
current of +15 A. 

The control of the MOSFET de- 
vices uses a pulse-width modulation 
method with a frequency of 250 kHz for 
each MOSFET. The four switches are 
interleaved in phase to produce a com- 
bined switching frequency of 500 kHz 
at the output of the power supply. The 
high switching frequency provides a 
fast response to changes in the current 
command. The feedback control loop of 
the power supply employs a phase- 
lead compensator in addition to a stan- 
dard proportional-and-integral controller 
to minimize the phase delay in the out- 
put current at high frequencies. With 
the high switching frequency and the 
phase-lead compensation, the power 
supply has achieved a small-signal 
(0.5% of the full current range) band- 
width greater than 10 kHz with a 40-V 
DC input from the APS storage ring DC 
distribution system. 

Each fast corrector power supply 
receives its set point for the output 
current from the RTFB system via a 
power supply controller. The controller 
has to minimize the communication 
time delay between the RTFB system 
and the power supplies. The design of 
the controller uses a system-on-chip 
(SoC) field programmable gate array 
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Fig. 2. A bipolar power supply controller and two fast corrector power supplies installed in Sector 27 


for APS-U integrated beam stability R&D. 


(FPGA) that combines an FPGA fabric 
with an embedded microprocessor 
system. The communication interface 
of the controller incorporates a high- 
speed gigabit Ethernet FPGA logic de- 
veloped by Lawrence Berkeley Na- 
tional Laboratory. This high-speed 
communication interface achieved the 
time delay of less than 10 us required 
by the APS-U. Each controller can 
control up to eight power supplies with 
set points from either the RTFB sys- 


tems or through the regular control 
networks, and has digital and analog 
I/O to provide full power supply control 
and monitoring capabilities. 

Four power supply controllers and 
eight power supplies have been in- 
stalled in APS Sector 27 and Sector 28 
to facilitate the APS-U integrated beam 
stability R&D. 

Contact: Ju Wang, juw@anl.gov 


SOLID-STATE Rr AMPLIFIER R&D 


AT THE ADVANCED PHOTO 
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Fig. 1. First prototype 352-MHz, 2-kW, single-device, solid-state amplifier. 


Due to recent advances in semi- 
conductor and transistor technology, 
particle accelerator radio-frequency (rf) 
systems have begun to adopt solid- 
state rf power technology to replace 
traditional vacuum tube amplifier sys- 
tems. Solid-state rf amplifiers and re- 
lated modular topologies offer major 
advantages over the traditional vac- 
uum-tube designs, including operation, 
low voltage and high efficiency, longer 
device lifetime, redundant power capa- 
bility, and reduced maintenance re- 
quirements over time. These advan- 
tages have made solid-state rf systems 
an attractive alternative to vacuum tube 
designs, particularly since availability of 
the vacuum tubes have become major 
issues in recent years. 

The development of laterally dif- 
fused metal oxide semiconductor (LD- 
MOS) field-effect transistor devices ca- 
pable of 1250 W continuous wave 
output power per device has further 
propelled the advance of solid-state 
technology in new and existing accel- 
erator rf systems. The higher power 
output per device reduces combining 
system complexity and associated 
losses to improve efficiency, and helps 
to keep the overall size of solid-state rf 
systems reasonable. 

The Radio Frequency Group of 
ASD has initiated R&D on a solid-state 
rf system. The goals of the R&D effort 
include achieving high-efficiency, 2- 
kW, continuous-wave (cw) output 
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Fig. 2. Performance data on first prototype 352-MHz, 


2-kW, single-device, solid-state amplifier. 


power at 352 MHz using a single push- 
pull LDMOS device, and demonstrat- 
ing a multi-input, power-combining res- 
onant rf cavity. Advances in these 
areas will make it possible to construct 
a compact and modular 200-kW rf sys- 
tem that will provide higher efficiency 
performance and better reliability over 
the existing vacuum tube-based rf sys- 
tem. 

Demonstrated so far is achieving 
a 2-kW cw at 75.496 efficiency utilizing 
in-house designed enhanced cooling 
techniques (Figs. 1 and 2). Production 
of six complete 2-kW amplifiers is 
presently under way, along with six 
driver stages. 

Design of an output-combining rf 
cavity was completed utilizing electro- 
magnetic simulation tools (Fig. 3). As- 
sembly of the combining cavity is un- 
der way (Fig. 4) with the goal of 
demonstrating 12-kW cw output by 
combining the output of six, 2-kW am- 
plifier modules. 

Contact: Ali. Nassiri, nassiri@anl.gov 
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Fig. 4. Rf simulation rendering of the output 
combining cavity fitted with six input coupling 


loops to achieve 12-kW total output power. 
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Fig. 3. Rf power meter indication from first opera- 


tion at design goal of 2-kW cw rf output. 





Fig. 5: Assembly of 12-kW demonstration sys- 


tem, showing the base of the output-combining 
cavity assembled to the waveguide line and 


terminating load. 
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team of scientists has fashioned complement anvils for a dia- 
& mond anvil cell that can create record-breaking static pressures 
A. (Fig. 1). These anvils are fabricated from microballs made of 
nanocrystalline diamond with a unique microstructure, and achieved pres- 
sures above 1 TPa, or about three times the pressure at the Earth's core. 
The behavior of materials at such conditions had only been studied theoret- 
ically. Utilizing the APS, the European Synchrotron Radiation Facility (ESRF) 
in France, and the Bavarian Geoinstitute for Experimental Geochemistry and 
Geophysics (BGI) in Germany, the team found that the nanocrystalline mi- 
croballs exhibited extraordinary mechanical and optical properties and ex- 
amined the microstructures that gave them their strength. Using the 
microballs to generate extreme pressures may allow researchers to take 
compression experiments—which can induce changes in a material’s prop- 
erties, form new “super” materials, or simulate exotic environments such as 
the interior of massive planets—to new heights. 
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Bulk nanocrystalline and nanopoly- 
crystalline diamond are two of the 
strongest known materials. Nanocrys- 
talline diamond comprises only crystals 
smaller than 50 nm in size whereas 
nanopolycrystalline includes submi- 
crometer-sized grains as well. 
Nanocrystalline diamond was used for 
creating extreme pressures inside a 
laboratory apparatus known as a dia- 
mond anvil cell, in which materials are 
squished between two opposing dia- 
monds at high temperature and pres- 
sures. Scientists have put sample mate- 
rials under extreme stress on using 
diamond anvil cells to produce many in- 
teresting structural, magnetic and elec- 





Fig. 1. Two complement anvils for a diamond anvil cell are prepared from a single microball made of nanocrystalline diamond. 
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Fig. 2. A double-stage dsDAC (with implemented secondary nanocrystalline diamond anvils) mounted 
at the GSECARS 13-ID-C,D beamline) at the APS. Image credit: Natalia Dubrovinskaia 


tronic changes within the material. In a 
recent experiment, osmium was com- 
pressed to more than 770 GPa and ex- 
hibited a new kind of electronic transi- 
tion, suggesting that other discoveries 
may yet be uncovered at even higher 
pressures. 

Now, this team of researchers has 
demonstrated that nanocrystalline dia- 
mond microballs integrated into a dia- 
mond anvil cell can create unprece- 
dented terapascal pressures. 

The team made the nanocrystalline 
microballs by subjecting glassy carbon 
to 18 GPa of pressure in a multianvil 
apparatus at 2000° C. The researchers 
used x-ray diffraction and Raman spec- 
troscopy techniques to measure the mi- 
croballs compressibility and observed 
an exceptional yield strength of about 
460 GPa, which is at least three times 
that of single-crystal diamonds. The 
high-pressure x-ray diffraction experi- 
ments were conducted at the GSE- 
CARS 13-ID-C,D beamline at the APS 
(Fig. 2), the BGI, and beamline IDO9 at 
the ESRF. 

The researchers found that the 
nanocrystalline microballs dented the 
nanopolycrystalline diamond anvil sur- 
face at pressures above 150 GPa, re- 
vealing the new material's superior 
hardness, which is impossible to quan- 
tify using the current hardness scale 
which can't account for materials 
harder than bulk diamond. 

To understand the microballs' ex- 
ceptional properties, the researchers 
probed their microstructure and compo- 
sition using aberration-corrected trans- 
mission electron microscopy and spa- 


tially resolved electron energy less 
spectroscopy. These investigations 
showed that nanocrystalline diamond 
had very small nanograin sizes of about 
3-9 nm. The grain boundaries appeared 
incoherent and similar in thickness to a 
single layer of graphene. The re- 
searchers suggest this unique mi- 
crostructure gives rise to the notable 
mechanical properties of the nanocrys- 
talline diamond. 

Then the team tested the 
nanocrystalline microballs' incorporation 
into a diamond anvil cell. The microballs 
were milled in two to produce half- 
spheres that were placed on opposing 
diamonds to act as second-stage 
anvils. A gold foil sample 1-um thick 
was steadily compressed between the 
microballs while x-ray diffraction experi- 
ments measured the reflections of gold. 
Using the Birch-Murnaghan equation of 
state for gold, which correlates ob- 
served lattice parameters to pressure, 
researchers found that static pressures 
reached almost 1.1 TPa. 

Even at the highest pressures in 
the experiment, the nanocrystalline dia- 
mond stayed optically transparent, 
meaning that the material does not pro- 
duce additional spectral features to the 
diamond anvils, which is attractive for 
ultrahigh-pressure infrared spec- 
troscopy studies. 

In the form of diamond spheres, 
the microballs are also valuable as x- 
ray divergent negative lenses. The re- 
searchers lined up nine nanocrystalline 
microballs in front of the x-ray beam 
and demonstrated that the microballs 
can cause light to diverge, which could 


be useful for developing new x-ray mi- 
croscopy techniques. — Tien Nguyen 
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he ability of researchers to understand fluid topology (the study of 

properties of space that are preserved under continuous deforma- 

tion in porous media) has recently advanced in part due to the mat- 
uration of fast x-ray tomography performed in real time. The resultant 
knowledge has many applications. For example, for carbon sequestration it is 
important to know the trapping efficiency of a medium for carbon dioxide. In oil 
production, pore-scale displacement mechanisms during water flooding affect 
the continuity of oil clusters with direct consequences for production efficiency. 
An international team of researchers used these novel measures at the APS to 
further our understanding of fluid topology and to advance the field. 


Immiscible, two-phase flow is ubiq- 
uitous both in nature and industrial ap- 
plications involving porous media. The 
phase distribution of the flowing fluids is 
determined by pore space structure, 
solid phase wettability, and external hy- 
draulic forcing. The complicated spatial 
arrangement of fluids needs to be de- 
scribed by a simple set of measurable 
state variables to build useful models 
for practical applications. These state 
variables have traditionally been the 
fluid saturation and macroscopic pres- 
sure difference between fluids. How- 
ever, these models do not account for 
fluid topology, which in this case repre- 
sents the connectivity of the fluids. This 
oversimplification causes difficulties in 
describing the hysteretic behavior of 
two-phase flow at the pore scale, 
among other things. Hysteresis repre- 
sents the fact that the same fluid satu- 
ration can be reached at different pres- 
sure differences, depending on whether 
the sample is drained or imbibed. In a 
field scale scenario, this would be the 
difference between a rise or a lowering 
of the groundwater table in response to 
rain or prolonged dry spells. 

Advances in fast x-ray tomography 
have increased the ability of re- 
searchers to track moving fluid inter- 
faces during immiscible flow in porous 
media. This technique is restricted to 
small porous samples of a few mm in 
diameter because the field of view is 


< Fig. 1. Fluid distribution during drainage 
(top) and imbibition (bottom) at different fluid 
saturation in a sandy material. During 
drainage the non-wetting phase (dodecane 
oil, green) displaces the wetting phase (salty 
brine, transparent) and vice versa. The differ- 
ent flow directions lead to different displace- 


ment patterns. 


constrained by the cross-sectional area 
of the beam. Here, the researchers 
monitored fluid distributions with fast 
synchrotron-based x-ray tomography at 
the GSECARS 13-BM-D beamline at 
the APS. Fluid was pumped continu- 
ously during image acquisition and data 
was collected in real-time. The re- 
searchers produced high-quality 
datasets showing the phase distribution 
of a wetting (water) and nonwetting (oil) 
fluid during a complete drainage and 
imbibition cycle in a coarse-grained ma- 
terial (Fig.1). 

The researchers discovered a pre- 
viously unrecognized source of hystere- 
sis: the shape of the displacement 
front. This front features different pat- 
terns like capillary fingering, flat frontal 
displacement, or cluster growth, and 
can be described by topological meas- 
ures. At the same saturation, fluids 
might be fully connected or very frag- 
mented depending on this underlying 
pore-scale displacement mechanism. 
Understanding these features is ex- 
tremely important because fluid topol- 
ogy directly influence effective process 
behavior, such as carbon dioxide trap- 
ping efficiency or oil production during 
water flooding. A topological invariant, 
the Euler characteristic of the nonwet- 
ting phase, describes this local fluid 
connectedness through a simple, di- 
mensionless number. A comparison 
with various other drainage and imbibi- 
tion experiments in similar porous me- 
dia has shown that the way this Euler 
characteristic changes with saturation is 
very characteristic for specific displace- 
ment processes, expressed by a single 
scaling exponent, and less dependent 
on other factors like the rock geometry. 
This topological characterization may 
therefore be the optimal choice to im- 


prove macroscopic formulations of two- 
phase immiscible displacement in 
porous rock. 

The researchers showed that fluid 
topology reveals the underlying fluid 
displacement pattern and helps to ex- 
plain hysteresis effects. As fast x-ray to- 
mography continues to develop, high- 
quality measurements of fluid topology 
in real time will become standard. The 
validity of this work will be checked in 
experiments on complex natural rocks, 
like sandstone and limestone, under dif- 
ferent flow regimes. — Dana Desonie 
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A NEw X-RAY BRAGG COHERENT DIFFRACTION 


3-D IMAGING METHOD 


he nanoscale strain distributions and lattice distortions in crystals dictate many crystal 

properties, but are often difficult to measure under realistic working conditions. In- 

creasingly, Bragg coherent x-ray diffraction imaging (BCDI) is being used at synchro- 
tron sources to address this challenge by nondestructively imaging nanoscale strain fields in 
crystalline materials in three dimensions (3-D) using penetrating hard x-rays. While these studies 
have proved valuable, the breadth of feasible 3D BCDI measurements could expand substantially 
if current experimental requirements, such as repeated sample rotations, could be eliminated with- 
out sacrificing imaging capabilities. To extend the BCDI technique and enable new strain imaging 
studies of materials in environments where sample manipulation is difficult and details of 
nanoscale strain distribution and evolution remain elusive, an international team of researchers 
has developed a new BCDI technique that does not require sample manipulation. Included in the 
method is a new 3-D Fourier transform that enables reconstruction of 3-D images from this type 
of data. The researchers demonstrated the new approach by performing measurements on a sub- 
micron-sized gold nanocrystal using a mirror-focused coherent x-ray beam at the XSD 34-ID-C 


beamline at the APS. 
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Fig. 1. (a) Bragg coherent diffraction imaging data can be measured 
by scanning the x-ray energy without sample motion, and inverted (b) 


using the new vwBCDI phase-retrieval algorithm. 


In the standard BCDI technique, an isolated 
nanocrystal is illuminated by a coherent x-ray beam, 
producing an array of diffraction pattern amplitudes 
on a two-dimensional (2-D) detector. A 3-D recipro- 
cal space map of lattice distortions within the crystal 
is constructed from a series of such 2-D slices taken 
at different angular positions in the vicinity of the 
Bragg angle (rocking curves). To reconstruct the 3-D 
density and strain distribution in the crystalline sam- 
ple, however, it is necessary to know both the ampli- 
tudes and the phases of the 3-D Fourier transform of 
the diffracting nanocrystal. Over the years, phase- 
retrieval algorithms have been developed to calcu- 
late suitable phases relatively easily. 

In the new variable-wavelength BCDI (vwBCDI) 
technique, the reciprocal space volume about a 
Bragg peak is measured by finely scanning the 
wavelength of the incident x-ray beam, thus elimi- 
nating the need to rotate the sample. To reconstruct 
3-D images from this type of data, the researchers 
developed a new phase-retrieval method designed 
to handle x-ray wavelength variability in BCDI (Fig. 
1). In arriving at the new method, the researchers 
leveraged the properties of the Fourier slice projec- 
tion theorem and the relationship between spatial 
sampling and array size in a 2-D discrete Fourier 
transform to define a slice-by-slice 3-D Fourier 
transform appropriate for the vwBCDI approach. 

The researchers then performed BCDI and vw- 
BCDI measurements on the gold nanocrystal and 
compared the results. Both approaches produced 
comparable lattice distortion data. The good agree- 
ment between the two reconstruction methods 
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STUDYING ULTRAFAST PHOTO-INDUCED 
MESOSCOPIC PHASE TRANSITIONS 


henomena such as insulator-to-metal phase transitions (IMTs), colos- 

sal magnetoresistance, and high-temperature superconductivity 

often involve the spontaneous appearance of spatially separated re- 
gions having distinct structural, magnetic, and electronic properties. The IMT 
of vanadium dioxide (VO.) is of particular interest, as the correlated-electron 
material exhibits an orders-of-magnitude change in electrical conductivity 
across the transition, in addition to a change in lattice symmetry. This close-to- 
room-temperature transition can be triggered by optical excitation on ultrafast 
time scales, and so promises important applications in low-power ultrafast elec- 
tronics. The ultrafast nature of the transition is also of fundamental interest be- 
cause this seemingly simple binary oxide compound may serve as a model 
system that provides new insights into high-temperature superconductivity, 
charge stripes, quantized spin and charge fluctuations, and ferroelectricity. Dy- 
namic solid-solid phase transitions involving spatially separated regions that 
span length scales from nanometers to micrometers are very difficult to char- 
acterize because critical information underlying the phase transitions, such as 
localized phase competition, cannot be resolved by measurements that are 
spatially averaged over many phase-separated regions. An international team 
of researchers working at the APS developed a state-of-the-art laser-pumped 
x-ray diffraction imaging technique for just such applications. 
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The time-resolved x-ray diffraction 
microscopy technique, which has 350- 
nm spatial resolution and 100-ps tem- 
poral resolution (Fig. 1a), was applied 
to quantitatively studying structural 
phase propagation during a photo-in- 
duced phase transition in a VO, thin 
film. The experiment, which was con- 
ducted at the XSD 7-ID-B,C,D beam- 
line of the APS, represents the first 
hard x-ray measurement with sub- 
nanosecond and sub-micrometer reso- 
lutions that directly captures a meso- 
scopic structural phase transformation 
in a correlated material. The sub-mi- 
crometer length and sub-nanosecond 
time resolutions allowed the scientists 
from Argonne, the University of Wis- 
consin-Madison, the IBM Almaden Re- 
search Center, and the Max Planck In- 
stitute for Microstructure Physics 
(Germany) to follow the structural 
phase progression 
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Fig. 1. (a) Experimental setup of the laser 

pump /hard x-ray diffraction microscopy probe 
technique. The structural phase progression of 
a VO, film along in-plane and out-of-plane di- 
rections, indicated by red and white arrows, 
respectively, is probed by synchrotron-based 
focused x-ray pulses upon homogenous optical 
excitation along the in-plane direction. The 
blue and red regions represent monoclinic (M) 
and rutile (R) phases respectively. (b) The in- 
tensity maps of the M and R phases measured 
at a sequence of time delays excited by an 
optical pulse with a fluence of 14 mJ/cm?. The 
x-ray diffraction intensity from the M phase re- 
gions decreases after laser excitation, while 
the R phase regions emerge at discrete sites 
(e.g., site A) and spread out in the thin film. The 
color bars show the normalized diffraction in- 


tensity. 
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demonstrates that vwBCDI preserves 
the strain-sensitive 3-D imaging capa- 
bility of current rocking-curve-based 
BCDI methods without requiring any 
sample motion. This capability will 
greatly simplify certain in situ strain 
measurements in envi- 

ronments in which it is difficult to accu- 
rately rotate the sample about a precise 
center of rotation or is otherwise cum- 
bersome. Currently the new method 
does not incorporate the energy de- 
pendence of the scattering factor. Thus, 
vwBCDI scans should be performed far 
away from absorption edges of the ele- 
ments in the sample. However, enabling 
element-sensitive vwBCDI may be fea- 
sible with near-edge energy scanning, if 
additional resonant scattering effects 
are incorporated into the phase-retrieval 
algorithm. — Vic Comello 
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during the photo-induced phase transi- 
tion. 

Time-resolved mapping of the real- 
space structural transformation was 
achieved by tracking the Bragg diffrac- 
tion signatures of the structural phases. 
The first stage in the phase transition is 
a symmetry change from the mono- 
clinic (M) state to the rutile (R) state at 
isolated nucleation sites on the unit-cell 
level, which occurs on a femtosecond 
time scale following optical excitation 
(Fig. 1b). These nucleation sites possi- 
bly relate to both local strain states that 
favor the stabilization of the high-tem- 
perature R phase and variations in 
grain size, since smaller single crys- 
talline particles require less activation 
energy for the phase transition. 

At this point, the optical excitation 
has created an unstable high-energy M 
state in which the energy to supply the 
latent heat for the transition to the R 
state has already been stored at the 
electronic level. The second stage oc- 
curs when the lattice is superheated 
above the transition temperature a few 
picoseconds later, as a result of elec- 
tron-phonon coupling during which the 
absorbed radiation energy is trans- 
ferred to the lattice. At this stage, the M 
state film has sufficiently high energy 
for the structural phase transition, but a 
lattice symmetry change has not yet oc- 
curred. The third stage is a domino-like 
lattice transformation propagating from 
the nucleation sites into the excited but 
not yet transformed M state film. This 
process is a displacive lattice transfor- 
mation, in which the lattice symmetry 
change results from straightening V—V 
atom pairs without diffusive heat trans- 
port. The displacive lattice transforma- 
tion occurs at a speed that is faster 
than in-plane thermal diffusion but 
slower than the sound speed in VO;. 

The visualization of phase transfor- 
mations by means of the time-resolved 
x-ray imaging technique opens new op- 
portunities for studying ultrafast 
nanoscale phase transitions and sepa- 
rations in correlated materials. Further 
studies using the same technique on 
different VO, thin films will reveal, for 
example, the dependence of phase 
progression speed on grain size and 
crystalline orientations. These insights 
are important not only for understand- 


ing mesoscale phase transformations 
but also for designing ultrafast optoelec- 
tronic devices using VO». For example, 
faster structural phase transformations 
as a whole may occur in VO, with more 
nucleation sites, while a faster phase 
front progression that approaches the 
sound speed may occur in ultrathin VO, 
films that contain fewer grain bound- 
aries. — Vic Comello 
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roteins are complex biological machines that we are just beginning 

to understand. They perform almost all of the activities of the cell 

from DNA replication to cellular motility. However, while the chem- 
istry of many protein interactions has yielded to investigation, the physics has 
been harder to access experimentally. Just as it is important to understand the 
internal mechanics of larger machines in order to understand how they func- 
tion, understanding the mechanics underlying different protein conformational 
states is key to understanding the relationships between protein structure and 
function. Unlike macroscopic machines, the mechanics that govern protein 
conformational changes are mediated through a collection of weak, heteroge- 
neous interactions that are hard to capture both spatially and temporally. Work 
at the APS has made an important first step to answering these fundamental 
questions by developing a model system in which they can stimulate and 
record the movements of atoms within proteins in a crystal. These findings lay 
the groundwork for developing tools that will provide a deeper understanding 
of the mechanics of protein structural changes and their relationship to bio- 
logical functions. This work has the potential to impact a diverse range of fields 
where understanding and manipulating protein function may have important 
applications such as in the design of new medicines and in biomechanical en- 
gineering. 








The technique is called electric 
field-stimulated x-ray crystallography 
(EF-X) and involves applying an elec- 
tric field to a protein crystal while simul- 
taneously collecting x-ray data using 
fast x-ray pulses. The electric field 
pulses drive motions within the protein 
crystal which can then be recorded in 
sub-microsecond time frames. The the- 
ory is based on the idea that charged 
groups and atoms with dipoles will be 
affected by the electric field and will 
move in response to the field. However, 
the question is, will these movements 
be biologically relevant? That is, will the 
atoms move to conformations that are 
adopted by the protein during its nor- 
mal functions? 

The team of researchers from UT 
Southwestern Medical Center and The 
University of Chicago had two concerns 
regarding the set-up of the experiment. 
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Fig. 1. Image of the custom-made EF-X crystallogra- 
phy set-up. The left panel shows how the apparatus 
that holds the crystal and applies the electric field 
pulse (red arrow) is positioned relative to the x-ray 
beam (white arrow). The right panel shows a close- 
up of the protein crystal held between two glass 
capillaries that serve as electrodes. The crystal is 
glued to the bottom electrode while the electric field 


pulse is transmitted through the top electrode. 


crystal 
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Fig. 1. (a) Setup of the high-speed x-ray experiment on laser powder bed fusion process 


at beamline 32-ID-B. (b) High-speed x-ray images of laser powder-bed fusion, showing 


a keyhole mode melting process. The scale bar is 100 Um. 


Additive manufacturing (AM), aka, 
three-dimensional (3-D) printing of 
metallic materials, has advanced rapidly 
over the past three decades. The world- 
wide research efforts in recent years 
have largely transformed the metal AM 
from means for rapid prototyping to full 
production mode, particularly in med- 
ical, aerospace, automobile, and de- 


fense industries. AM exhibits unique ad- 
vantages over traditional cutting and 
milling techniques, including more effi- 
cient use of raw materials, less genera- 
tion of hazard waste, less consumption 
of energy, shorter supply chain, re- 
duced time to market, and most impor- 
tantly, the fabrication of products with 
extreme complexities. 


Laser powder bed fusion (LPBF) is 
a widely used AM technique for build- 
ing metal parts, in which a laser is 
scanned across a thin layer of metallic 
powders, and locally melts the pow- 
ders to the bottom layer. There are 
many phenomena involved in the 
LPBF process, including but not limited 
to, melting and partial vaporization >> 


«« of metallic powders, flow of the 
molten metals, powder spatter ejec- 
tion, rapid solidification, non-equilib- 
rium phase transition, etc. These phys- 
ical processes are highly dynamic and 
transient due to the extremely high 
heating and cooling rates in LPBF. Of- 
tentimes, their complex interplays re- 
sult in a product with rough surface, 
large porosity and residual stress, 
and/or unfavorable phase and grain 
structures. These structure defects 
largely degrade the performance of the 
manufactured parts. 

In order to understand the mecha- 
nisms responsible for the formation of 
various structure defects in additively 
manufactured parts, it is essential to 
develop and apply in situ characteriza- 
tion techniques to monitor the dynamic 
microstructural evolution in real time. 
However, due to the highly transient 
nature of the laser-metal interaction, 
experimentally characterizing the dy- 
namics of the LPBF process has been 
challenging. 

A team of researchers from the 
XSD Imaging Group, with collaborators 
from Argonne, Carnegie Mellon Univer- 
sity, and Missouri University of Science 
and Technology addressed this issue 
by applying high-speed synchrotron x- 
ray imaging and diffraction techniques. 
The team demonstrated that quantita- 
tive structural information on melt pool 
size/shape, powder ejection, solidifica- 
tion, and phase transformation can be 
obtained from high resolution, time-re- 
solved x-ray images and diffraction 
patterns. 

The experiment platform and the 
data analysis algorithms they devel- 
oped will help researchers not only un- 
derstand the physics underpinning the 
formation of different defects, but also 
build high-fidelity models to guide the 
process optimization for manufacturing 
parts with different geometries and di- 
mensions. 
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First, what electric field strength 
would be appropriate to use, and, sec- 
ond, what protein could they use that 
undergoes known interactions that are 
representative of a typical protein so 
they can apply the technique to other 
crystals? For the first question, they 
calculated that an electric field strength 
of 1,000,000 V/cm (1 MV/cm) would 
drive the atomic motions they wanted to 
look at. This sounds dangerously large 
but is actually close to what has been 
calculated for physiological voltages 
across cellular membranes at 0.125 
MV/cm (100 mV) and, therefore, is a bi- 
ologically relevant voltage. Happily, the 
team was able to apply this electric field 
to protein crystals without overheating 
and blowing them up, a critical part of 
the experiment. 

The next challenge was to define 
the model protein. They chose a protein 
domain called PDZ that undergoes 
known changes when it binds to its lig- 
and and also exhibits structural move- 
ments away from the site of binding 
that are translated throughout the pro- 
tein. This gave the team the opportunity 
to observe structural changes that are 
typical of many proteins. 

The experiment was conducted by 
building a custom set-up for x-ray dif- 
fraction (Fig. 1). The whole apparatus 
was then placed into the x-ray facility at 
the BioCARS 14-ID-B beamline at the 
APS for data collection. Some high-res- 
olution data was also collected at the 
Stanford Synchrotron Radiation Light- 
source beamline 11-1. 

The results of the experiment were 
exactly what the team had hoped for. 
The crystals were able to tolerate 100- 
500-ns pulses of 1-MV/cm and the x- 
ray data showed that amino acid side 
chains, solvent atoms, and backbone 
atoms move in response to the field. In- 
terestingly, PDZ forms crystals with four 
differently-oriented monomers in each 
crystal unit and these monomers break 
symmetry under the influence of the 
electric field. This causes the atoms of 
two of the monomers to move one way 
in the field and the atoms of the other 
two to move the other way, providing an 
internal control for distinguishing real 
motions from those that are caused by 
overheating or crystal damage. More 
importantly, however, the team was 


able to correlate the motions observed 
in the electric field-stimulated crystal 
with known conformations of PDZ, indi- 
cating that the changes they see are 
likely to be biologically relevant. This 
finding paves the way to the study of 
other proteins and their mechanics. 

— Sandy Field 
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Fig. 1 (above). A microbatch-style graphene-based microfluidic chip mounted at the 14-ID-B sta- 
(b) (c) | 
c tion at the APS. 


- = ; pas | b Fig. 2 (left). (a) One-dimensional integrated x-ray intensity profiles showing the relative strength of 
| the observed diffraction signal from a HEWL crystal compared to the noise resulting from back- 
ground scattering due to the presence of device materials as a function of resolution. The corre- 
| sponding two-dimensional diffraction images for the (b) A4 PMMA/ graphene/PDA/COC /crystal 
ovi E Tg dataset (orange), and the (c) A4 PMMA/graphene/PDA /crystal dataset (magenta) shown in (a). 
EU Both figures: S. Sui et al., Lab Chip 16, 3082 (2016). © The Royal Society of Chemistry 2016 





orking with protein microcrystals can be an enormously chal- 

lenging endeavor. Aside from their extremely small size, mi- 

crocrystals can be delicate, difficult to handle, and susceptible 
to radiation damage from x-ray diffraction studies. Microfluidic “lab-on-a-chip” 
technologies offer some highly promising ways to circumvent these difficulties, 
but can bring with them new problems to overcome. A team of experimenters 
from the University of Massachusetts Amherst and The University of Chicago 
utilized high-brightness x-rays from the APS as they developed a new strategy 
to combat these limitations by combining microfluidics with another cutting- 
edge technology, single-layer graphene, for serial protein crystallography in 


an ultrathin microfluidic chip. 


In serial crystallography, protein 
crystals are characterized by combining 
data from many smaller crystals to pro- 
vide a complete dataset. Microfluidic 
devices can make this process much 
easier and more efficient than bulk 
crystallization techniques, providing an 
environment in which hundreds or even 
thousands of microcrystals can be 
grown under precisely controlled condi- 
tions and preserved for long periods. 

But there are nagging problems 
with this process, among them the in- 
evitable attenuation of the x-ray beam 
as it passes through the microfluidic 
device, which is generally made of 
glass, plastic, or PDMS (poly(dimethyl- 
siloxane)) material. Creating thinner 
devices that are more amenable to x- 
ray transmission is technically difficult 
and can allow the loss of water with 
subsequent sample dehydration. 

These are the issues that the re- 
search team sought to overcome. 

Inspired by recent work in which a 
graphene layer wrapping protected pro- 
tein crystals from dehydration with only 
limited beam attenuation, the team 
fashioned a thin film of graphene and a 
support layer of PMMA (poly(methyl- 
methacrylate)) for use as a diffusion 
barrier in a microfluidic chip. Including 
this combined -1-um-thick PMMA/ 
graphene window, the chip comprised 
five layers, with microfluidic channels 
cut into a -100-pm-thick COC (cyclic 
olefin copolymer) film. The team exam- 
ined the composition and quality of the 
device using Raman spectroscopy, per- 
meability measurements, and atomic 
force microscopy, all of which con- 
firmed the microchip structure. 

As a practical demonstration of the 
advantages of graphene-based mi- 


crofluidics, the researchers used their 
device to determine the crystal struc- 
ture of hen egg white lysozyme 
(HEWL). They conducted x-ray diffrac- 
tion studies at the BioCARS 14-ID-B 
beamline at the APS, collecting multiple 
data frames at different beam angles 
using a polychromatic, 12-keV x-ray 
beam (Fig. 1). 

With the graphene layer doing dou- 
ble duty as both an x-ray window with 
low beam attenuation and high signal- 
to-noise, and also as a diffusion barrier 
to prevent evaporation, the research 
team performed microbatch and 
counter-diffusion crystallization trials 
with the HEWL model system. Crystals 
formed easily and quickly inside the de- 
vice and remained stable for days to 
weeks afterward, remaining undis- 
turbed even after they were shipped 
from the lab to the APS facility for study. 

Observations of background scat- 
tering and signal-to-noise (Fig. 2) 
showed that both were excellent, partic- 
ularly in comparison to previous mount- 
ing strategies for serial crystallography, 
which were approximated for these ex- 
periments by collecting data on crystals 
through a ~100-yum-thick COC layer. 
The high quality of data was maintained 
even when considering variations in the 
incidence angle of the x-ray beam re- 
sulting from variations in sample orien- 
tation. The experimenters’ device 
displayed a signal transmission of 
99.9% even up to a +/-55° rotation, 
compared to previously reported 
PDMS/COC-based chips where a maxi- 
mum of 77% transmission could only 
be achieved in the absence of rotation. 
High-quality, high-resolution images 
and diffraction data were obtained in 
various configurations compared to mi- 


crofluidic devices constructed of more 
traditional materials. 

The investigators plan to expand 
on this work with further experiments to 
enable structure determination of novel 
protein targets and ultimately time-re- 
solved structural studies of protein dy- 
namics. Although this research 
concentrates on protein crystallography, 
the strategies for microfluidic device 
fabrication could have broad applica- 
tions across many disciplines, including 
DNA analysis and microarrays, pathol- 
ogy and medical diagnostics, nanotech- 
nology, biophysics—essentially every 
field that makes use of microfluidics 
and lab-on-a-chip technologies. 

— Mark Wolverton 
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FAST FIND FOR POLYMER GRATING 
ROUGH EDGES 


ratings are used to filter particles with dimensions from millimeters to microm- 

eters; they are also used to split and diffract light in scientific instruments and 

security "holograms" on credit cards and products. Gratings are even used to 
lay out the basic nanoscale patterns for making the integrated circuits at the heart of every 
modern electrical device, from smart phone to smart refrigerator. Fitting more circuits in 
these devices requires high-fidelity gratings with smaller separations, even below 10 
nanometers. A new approach to studying the imperfections in such gratings could be used 
to make the smoother and better at their job. That is the goal of new research carried out 
at the APS. The results point to a tried-and-true synchrotron x-ray research technique as a 
potentially effective tool for examining the surfaces and internal structures of gratings down 
to the nanoscale level. 
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Fig. 1. GISAXS measurements probe quantitatively the fidelity of nanometer-sized 
polystyrene gratings. From H. S. Suh et al., J. Appl. Cryst. 49, 823 (2016). © Interna- 
tional Union of Crystallography 


Characterizing imperfections at 
very small length scales in gratings 
used in a wide variety of technological 
applications is a challenging problem 
and one that is absolutely critical to 
many areas of science. Modern re- 
search in filtering processes, scientific 
measurements, and chip manufacturing 
could all be improved by a clearer un- 
derstanding of gratings. Researchers 
from The University of Chicago and Ar- 
gonne used grazing-incidence small-an- 
gle x-ray scattering (GISAXS) to exam- 
ine polymer gratings manufactured by 
IMEC (Belgium). The researchers found 
that GISAXS can reveal flaws efficiently 
and even more accurately than state-of- 
the art atomic force microscopy and so 
allow manufacturers to implement new 
schemes for quality control, and design 
new and improved products. 

Polymer gratings used in a wide 
range of applications consist of regu- 
larly spaced arrays of shapes arranged 
in parallel. These patterns can have 
functional detail at a wide range of 
lengths, from visible spacing to micro- 
scopic and then nanoscale features. 
Checking that they are made with preci- 
sion and suitable for a given job can be 
done with a microscope. Specifically, for 
the fine gratings used in scientific in- 
strumentation, scanning electron mi- 
croscopy, transmission electron mi- 
croscopy, atomic force microscopy, and 
variations and combinations of those 
techniques can be used. These sophis- 
ticated techniques are costly to employ 
as well as suffering from a frustrating 
drawback: They can only examine a 
tiny area of any given grating at a time 
(Fig. 1). This limitation of microscopy 
means that the time required to check a 
complete grating can be prohibitive. In 
contrast, there are several x-ray tech- 
niques—such as x-ray scattering—that 
can probe with nanoscopic detail a 
large surface area very quickly at high 
resolution. Indeed, various x-ray scat- 
tering techniques have been used over 
the last decade or more to examine 
gratings. However, even these tech- 
niques have limitations. 

But the reflection-mode technique 
GISAXS involves exposing the surface 
of the sample to a focused synchrotron 
x-ray beam at a grazing incidence angle 
rather than perpendicular. The large 
area of a sample in this setup dramati- 





Several of the study's co-authors shown in the beamline 8-ID-E research station with the sample envi- 


ronment that was developed for this project under a partner-user proposal led by Paul Nealey and 


Wei Chen. From Left to right: Xuanxuan Chen, Manolis Doxastakis, Mike Fisher (XSD, the sample cham- 


ber designer), Paul Nealey, Hyo Seon Suh, Wei Chen, Joseph Strzalka, and Zhang Jiang. Not pictured 


are co-authors Paulina A. Rincon-Delgadillo, Jin Wang, Roel Gronheid, Juan J. de Pablo, and Nicola 


Ferrier. This multi-sample vacuum environment has streamlined operations and is now used practically 


daily, by at least 75% of the 8-ID-E grazing-incidence scattering users. 


cally enhances the intensity of the sig- 
nal produced, which means measure- 
ments can be obtained very quickly 
compared to all other approaches. The 
technique also has the major benefit of 
extracting complete three-dimensional 
(3-D) information from the sample in a 
single step and requires none of the 
post-processing needed by other tech- 
niques to reconstruct the surface details 
in 3-D from what is essentially a two-di- 
mensional scan. 

A systematic study of GISAXS 
data acquired for polymer grating struc- 
tures using different grazing angles at 
XSD beamline 8-ID-E at the APS shows 
just how well this technique works on a 
cross-linked polystyrene (xPS) 
nanoscale grating. Comparison with the 
much slower atomic force microscopy 
images from the same grating are coin- 
cident in the details they reveal, for in- 
stance showing the rough edges. This, 
the researchers suggest, points to 
GISAXS being a potentially useful tech- 
nique for examining surface details of 
polymer gratings and even the internal 
structure of the components of the grat- 
ing, which are all extracted in 3-D by 
the technique. — David Bradley 
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Fig. 1. Diffraction pattern derived from a beam of coherent white (polychromatic) x-rays, showing the Bragg 
peaks from gold nanoparticles situated on a silicon substrate. The white x-rays allow capture of the Bragg 
peaks from all the nanoparticles, even though they possess slightly different crystalline orientations. Due to a 


slight tilt of the silicon substrate, the majority of Bragg peaks are concentrated in the right half of the image. 


he synchrotron x-ray research technique Bragg coherent diffraction im- 

aging (BCDI) is especially useful for imaging crystalline nanoparticles. The 

APS produces the highly-intense, coherent (in-phase), and monochro- 
matic (single-wavelength) x-rays required for high-resolution BCDI imaging. Although 
this technique is in some ways simpler than other imaging methods (e.g., no lenses 
are needed to image the sample), it nonetheless requires equipment and procedures 
that tend to complicate and constrain the imaging process. For one thing, samples 
must be rotated to achieve three-dimensional (3-D) images. Moreover, only samples 
with a specific crystallographic orientation can be imaged during an experiment. Re- 
searchers from Argonne have now circumvented these limitations by adding coher- 
ent white (polychromatic) x-rays to the BCDI protocol. In a demonstration 
experiment, white x-rays were used to scan a relatively large volume of gold 
nanoparticles (Fig. 1), each with its own crystalline orientation; 3-D imaging of indi- 
vidual nanocrystals was then achieved using monochromatic x-rays, without the 
need for sample rotation. This new BCDI technique is expected to allow scientists to 
select and three-dimensionally image individual nanocrystals within a large ensem- 
ble of crystallites, under a variety of strain and other conditions. 






The “lensless” imaging technique, 
as coherent diffraction imaging (CDI) is 
sometimes called, was introduced in the 
late 1990s. CDI foregoes the use of im- 
age-forming lenses, instead relying 
upon a coherent beam of monochro- 
matic radiation diffracted from a sam- 
ple. An image is then extracted from the 
diffraction pattern using algorithm- 
based computer processing. Tomo- 
graphic 3-D images can be obtained by 
rotating the sample through the beam. 
By using coherent monochromatic radi- 
ation of sufficiently small wavelength 
(namely x-rays or electron beams), CDI 
can produce high-resolution images of 
protein molecules, nanotubes, and 
other nanoscale particles (generally 400 
nanometers or less). When applied to 
nanocrystals, the technique is more 
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aptly called Bragg coherent diffraction 
imaging (BCDI), providing 3-D 
nanoscale imaging capabilities that are 
sensitive to strain within the nanocrystal 
being studied. 

One drawback of present BCDI 
techniques is the difficulty imaging dif- 
ferently-oriented crystals within a vol- 
ume. It would be beneficial to simulta- 
neously examine all the constitutive 
nanoparticles and grains of a material, 
in spite of the wide range of crystalline 
orientations present, in order to form a 
comprehensive strain-sensitive image 
of the sample. Another difficulty of cur- 
rent BCDI techniques relates to sample 
rotation: the need to precisely rotate the 
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Fig. 2. The two basic configurations of the experiment. In both the lower (a) and upper (b) panels, a 


beam of coherent white x-rays comes from the right. In lower panel (a) an adjustable monochromator 


intercepts the white beam thereby delivering coherent monochromatic x-rays to the sample, which 


produces a typical coherent diffraction pattern from those few gold nanoparticles which meet the 


Bragg condition. Upper panel (b) shows the x-ray diffraction pattern with the monochromator absent. 


The beam of coherent white x-rays (embodying multiple wavelengths) reveals the orientation and size 


of numerous nanocrystals possessing a variety of crystalline orientations. 


sample in tiny increments for 3-D imag- 
ing can limit the design of new experi- 
ments. 

The two-stage BCDI process 
demonstrated in this study overcomes 
these limitations by first probing a com- 
plex crystalline sample with coherent 
white x-rays, followed by a series of co- 
herent monochromatic x-rays of slightly 


differing energies. The complex crys- 
talline material investigated here con- 
sisted of gold nanoparticles on a silicon 
substrate, probed with x-rays derived 
from the XSD beamline 34-ID-E at the 
APS. 

The basic experimental setup is 
depicted in Fig. 2. The upper portion of 

"Imaging" cont'd. on page 211 


PRECISELY MEASURING SMALL STRAINS IN 
TINY VOLUMES 


ngineers designing integrated circuits often intentionally create small distortions of the structure 

as one way of enhancing the performance of semiconductor devices. Introducing this strain can 

change the semiconductor's electronic properties and affect parameters such as the current that 
can be driven through a field-effect transistor. Having a way to understand and control strain on very tiny 
scales could help in designing new generations of devices, from better fuel cells to circuits for quantum 
computers. Sorting out the effects of strains in an region 100 nm or less across, when the structure is ex- 
panding or shrinking by only one 100th of 196, has been extremely challenging. Now a group of researchers 
has developed techniques that used a tightly focused x-ray beam at the APS to measure strain in small vol- 
umes. The method can be easily adapted to other material systems where there is a need to understand 
complex diffraction patterns. It could be applied to other semiconductor materials, as well as to complex 
oxide materials used in building fuel cells, in which strain can affect the catalytic activity of the oxide. >> 
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Fig. 1. In the experimental setup (a) a Fresnel 
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«« Researchers from the Univer- 
sity of Wisconsin-Madison and Argonne 
studied the x-ray nanobeam diffraction 
patterns from a semiconductor struc- 
ture that consisted of a 91-nm-thick 
layer of silicon-germanium and a 10- 
nm-thick film of silicon. In x-ray diffrac- 
tion, an x-ray beam strikes a crystalline 
structure and produces a pattern, with 
varying x-ray intensity that depends on 
the arrangement of atoms within the 
structure and on the angle at which the 
beam hits the crystal. Such patterns re- 
veal structural information about the 
portion of the sample with which the x- 
rays have interacted. One key advan- 
tage of the technique is that the x-rays 
can measure small strains without 
preparations that destroy the sample, 
so the subtle mechanical effects pro- 
ducing the strain are preserved. 

The technique gets tricky when it's 
applied to strain in a small volume, 
however. In order to make the meas- 
urements on such tiny scales, the beam 
has to be focused to a very small spot. 
In this case, the researchers used a 
Fresnel zone plate to focus the beam to 
spot sizes approximately 30 to 50 nm 
across, producing an angular diver- 
gence on the order of 100ths of de- 
grees. The Hard X-Ray Nanoprobe at 
APS beamline 26-ID-C, operated jointly 
by the APS and the Center for 
Nanoscale Materials (CNM) both of 
which are Office of Science user facili- 
ties, provided a narrow beam with a 
short x-ray wavelength to produce dif- 
fraction patterns from the crystal. 

Though scientists have developed 
methods to interpret diffraction patterns, 
the addition of the focusing optics 
makes the pattern much more complex. 
To sort out this problem, the re- 
searchers calculated the diffraction pat- 
terns that should be produced by 
layered semiconductor structures. The 
method involves calculating the wave 
field of the focused x-ray beam, and of 
the beam after it is scattered by the 
sample. Propagating this scattered 
beam to the location of the detector 
produces an accurate simulation of the 
diffraction pattern and the variation of 
its intensity at different locations on the 
sample. Features such as interference 
fringes depend on the angle between 
the incoming x-ray beam and the sam- 
ple, and provide information about the 


mechanical distortion of the lattice. By 
comparing the simulated diffraction pat- 
terns with those produced by their ex- 
periment, the researchers could 
measure these quantities precisely in 
any spot on the sample and find the 
mechanical deformation caused by the 
stress. — Neil Savage 
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the schematic shows a beam of coher- 
ent white x-rays diffracting from the 
sample. An actual diffraction pattern 
produced with white x-rays is shown in 
Fig. 1. Each bright spot is caused by x- 
rays diffracting from an individual gold 
nanoparticle. 

The simultaneous capture of the 
diffraction peaks from all the gold 


nanoparticles is only possible due to 
the use of coherent white x-rays: be- 
cause the gold nanoparticles are ori- 
ented in different directions, x-rays of 
different wavelengths are required to 
meet the many Bragg conditions pres- 
ent. (A Bragg condition occurs when x- 
rays diffracting from a single gold 
nanocrystal constructively interfere, 
yielding a bright x-ray “Bragg peak” that 
reveals its structure and orientation. ) 

The lower portion of Fig. 2 shows 
monochromatic x-rays being filtered 
from the white beam by an adjustable 
monochromator, which allows a range 
of single-wavelength x-rays to be se- 
lected. From the wide-area diffraction 
pattern of Fig. 1, the researchers chose 
a single nanoparticle for 3-D imaging. 
By using a series of monochromatic x- 
rays of slightly different wavelengths 
(~1 electron-volt increments), a data set 
suitable for 3-D imaging was obtained. 

This step-wise procedure was Car- 
ried out for the gold nanoparticle whose 
Bragg peak is located at the center of 
Fig. 1. The resulting 3-D data set re- 
vealed a faceted and circular (though 
somewhat flattened) gold nanoparticle, 
about 150 nanometers thick with a 360- 
nm maximum diameter. The re- 
searchers intend to use this data set to 
construct a 3-D image of the nanoparti- 
cle using a new variable-wavelength 
BCDI algorithm they recently devel- 
oped. — Philip Koth 
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MAKING MORE-PERFECT THIN FILMS 


-rays reveal the structure of things we cannot otherwise see, like 

leg bones, and even tiny objects, like DNA chains, viruses, and in- 

dividual atoms. As the size of the material being x-rayed shrinks, 
the individual objects that it comprises become more difficult to distinguish. X- 
ray images of extremely tiny materials are best when the materials are com- 
posed of identical objects arranged in a precise order, like a perfect crystal. 
These images can also be used to calculate statistical averages of disorder, but 
not to locate individual disorders. Researchers working at the APS have de- 
veloped a new way of using coherent x-rays, specifically heterodyne mode x- 
ray photon correlation spectroscopy (XPCS), to study surfaces, interfaces, and 
bulk defects in thin films as the films are being grown. Mixed bulk and surface 
x-rays can pick out the speeds of small groups of atoms, providing a measure 
of the velocity of surface and subsurface features, such as voids and other de- 
fects. Once they are found, improved industrial techniques can be developed 
to create thin films with fewer imperfections. 
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Fig. 1. X-rays from the APS are focused by a 
compound refractive lens (CRL) and a collimat- 
ing slit system into an ultrahigh-vacuum sample 
enclosure. An amorphous thin film is deposited, 
which causes the surface to advance at the 
growth velocity and also induces random fluc- 


tuations in the surface roughness. Scattered co- 


herent x-rays form a speckle pattern that 
corresponds to the detailed configuration of 
the surface, which is recorded versus time by a 


high-resolution photon-sensitive x-ray area de- 


tector. From J.G. Ulbrandt et al. Nat. Phys. 12, 


794 (AUGUST 2016). © 2016 Macmillan Pub- 


lishers Limited, part of Springer Nature. All 
rights reserved. 


Thin films are layers of materials 
that may be only fractions of nanome- 
ters in thickness, grown by deposition 
in a vacuum chamber. In one common 
technique for creating thin films, known 
as “sputtering,” a plasma knocks mate- 
rial from target atoms and onto the film 
surface. Thus far, researchers have 
been unable to monitor the deposition 
of atoms on the film during deposition 
because the atoms are too small to be 
imaged, but it is important to under- 
stand the interactions of surface and 
buried defects in thin films so that bet- 
ter ones can be created. X-rays have 
the potential to probe both surface and 
interior defects since they are highly 
penetrating and sensitive to features 
measuring mere nanometers. How- 


ever, thus far x-ray patterns of thin 
films have been blurry because the 
arrangement of their atoms is complex 
and disordered, and subsurface study 
is extremely difficult, especially in real 
time as the films are being grown. 

The researchers in this study, from 
the University of Vermont, Boston Uni- 
versity, and Argonne, employed XPCS 
at XSD beamline 8-ID-I of the APS. 
Their approach improves x-ray scatter- 
ing techniques by imposing order on 
the x-rays so that they can detect dis- 
order in the material. Two types of de- 
fects are common in thin films: 
nanocolumns that grow with the film 
surface as the layers are being de- 

posited, and voids that 
q, form at the surface and 
are trapped. In XPCS, a 
scattered x-ray wave 
bounces off the surface of 
the thin film in response to 
nanocolumns. These 
waves mix with scattered 
waves of x-rays bouncing 
off the disordered defects, 
which are voids at and be- 
neath the surface. The 
mixed x-rays indicate the 
motion of the voids and 
nanocolumns. Waves that 
bounce off the surface de- 
termine speed, because 
the rate at which the film 
was deposited is known. Waves that 
bounce off interior defects in the sub- 
surface develop oscillations because 
the irregularities cause the atoms to go 
different speeds. Once the defects are 
observed, they can be left to grow into 
the film or be eliminated. Even more 
important is that the XPCS technique 
can be used to monitor atoms in mo- 
tion, even if they are moving independ- 
ently and erratically, while the thin film 
is being made. 

This new technique can lead to 
the creation of thin films that are 
smoother with fewer defects and voids. 
Increasing the quality of thin films im- 
proves their usefulness in a range of 
industrial, medical, and consumer 
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Fig. 1. The new Germanium Strip Detector at 6-BM-A,B is located at the far left in the photograph. A 


human second metacarpal bone from the Roman-era cemetery in the UK is at near right of the photo. 
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Fig. 2. The energy dispersive real space recon- 
struction of a hydroxyapatite (hAp) bone 
phantom is shown to the left. Several diffrac- 
tion peaks were reconstructed and peak inten- 
sity from one is shown here (hAp 004 
reflection). The shape including empty central 


region is correctly reconstructed. 


X-ray diffraction provides a wealth 
of information including crystallographic 
phases comprising a material along 
with the strain and texture states of 
those phases. There is great interest in 
measuring these properties in a spa- 
tially-resolved fashion, within a sample 
cross-section. Several monochromatic 
x-ray techniques have been developed 
recently at the APS, using area detec- 
tors and a sample rotation. 

A team of detector developers from 
the APS and from the National Synchro- 
tron Light Source-Il (NSLS-II) at 


Brookhaven National Laboratory (BNL) 
together with scientists from the APS 
and Northwestern University have de- 
veloped a new and complementary im- 
aging technique using white-beam radi- 
ation and a Germanium Strip Detector. 
The use of high-energy x-rays from an 
APS bending magnet allows measure- 
ments on up to centimeter-sized speci- 
mens. It also does not require sample 
rotations to extract cross-sectional infor- 
mation, so it can be used to image a 
wider array of geometries than with 
standard tomography techniques 
(namely high-aspect-ratio samples) with 
target areas including batteries, bone 
implants, and aerospace components. 

The heart of the technique is the 
germanium detector developed by the 
APS and NSLS-II detector groups, 
which combines low-noise readout elec- 
tronics with a high-quality germanium 
sensor to provide position and energy 
resolution. The first-generation detector 
(Fig. 1) consists of a 3-mm-thick germa- 
nium sensor with 64 strips on a 0.5-mm 
pitch. An energy spectrum is measured 
from each strip simultaneously; the en- 
ergy resolution is 400-500 eV. Currently, 
the maximum energy is limited to 50 
keV. Further detector developments will 
enable energies to ~100 keV to be im- 
aged, allowing thicker and/or higher-z 
materials to be investigated. 

The new imaging mode was ac- 
complished with a slit and single trans- 


STRIP DETECTOR 


lation across the sample, and applied to 
a three-dimensional printed bone 
“phantom” to confirm accuracy. Several 
diffraction peaks were reconstructed; 
peak intensity from one is shown in Fig. 
2. The peak centers from each phase 
present can also be reconstructed to 
yield strain information. 
Contact: Jonathan Almer, 
almer@aps.anl.gov 
Antonino Miceli, amiceli@anl.gov 
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products, such as cell phone screens, 
thin-film solar cells, drug delivery sys- 
tems, and even potato chip bags. 

— Dana Desonie 
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AT APS BrAMLINE 9-BM 


A new quick-scanning double crys- 
tal monochromator (DCM), which allows 
collection of a full extended x-ray ab- 
sorption fine structure (EXAFS) spec- 
trum in as little as five seconds, has 
been added to X-ray Science Division 
(XSD) beamline 9-BM-B,C at the U.S. 
Department of Energy's Advanced Pho- 
ton Source (APS) at Argonne National 
Laboratory. This ability is now available 
to APS users for the study of chemical 
reactions and material transformations 
on short time scales, while maintaining 
the important capability of reaching the 
low-energy phosphorous and sulfur K- 
edges. 

The new DCM was engineered by 
Instrument Design Technologies, and 
includes a frictionless air-bearing rotary 
stage with a direct drive motor that en- 
ables quick scanning of the DCM crys- 
tal angle and, thereby, x-ray beam en- 
ergy. The frictionless motion allows for 
excellent beam stability to be main- 
tained while rapidly changing energy 
over hundreds of electron volts. 

The crystals are directly water 
cooled for excellent temperature and 
energy stability. Furthermore, high-reso- 
lution encoders track the DCM crystal 
angle, providing excellent reproducibility 
of the beam energy. Both Si (111) and 
(220) crystals are available, and the 
beamline provides access to energies 
from 2.1 to 25 keV. 

In combination with the existing 9- 
BM gas handling systems and low-en- 
ergy capabilities, the quick-scanning 
DCM makes 9-BM an ideal location for 
in situ catalysis and environmental re- 
search. 

Contact: Dale L. Brewe, 
brewe@aps.anl.gov; Steve M. Heald, 
heald@aps.anl.gov; 

George Sterbinsky, 
sterbinsky@anl.gov; 

Tianpin Wu twu@anl.gov 
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Partial funding for the monochromator came 
from ExxonMobil Corporation. This research 
used resources of the Advanced Photon 
Source, a U.S. DOE Office of Science User 
Facility operated for the DOE Office of Sci- 
ence by Argonne National Laboratory under 
Contract No. DE-ACO2-06CH11357. 


9-BM-B,C * XSD * Materials science, chem- 
istry, environmental science * X-ray absorption 
fine structure, x-ray absorption near-edge 
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QUICK-SCANNING XAFS 


Photo: Tianpin Wu (left), Dale Brewe (right), and 
George Sterbinsky (foreground), all XSD-SPC, with the 
quick-scanning XAFS instrument at APS beamline sta- 
tion 9-BM-B. Inset: An EXAFS spectrum collected in 5.5 
sec from a ZnO pellet using quick-scanning XAFS at 
APS beamline 9-BM. 


NANO-CALORIMETRY FOR THE CONCURRENT 
DETERMINATION OF THERMODYNAMIC STATES 
OF X-RAY PROBED VOLUMES 
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Fig. 1. Top Left: The various layers contained in the membrane based nano-calorimeter. Heaters are 


patterned from Ti, the thermometer is a sputtered AuGe film, contact pads are Av. The various layers 


are separated by SiO? insulation layers. The Si3N4-windows are 1x1 mm’, and the active area in 


the center is 80 x 80 um?. Upper Right: Lattice parameter vs temperature through the ferromagnetic 


transition at various magnetic fields. Lower Left: Transverse scans of the (4,2,0) Bragg peak of Fe2P 


at various temperatures labeled by letters. Right below the transition, the peak splits, possibly a sig- 


nature of a magnetism-induced structural transition, such as twinning. Lower right: Temperature de- 


pendence of the specific heat of Fe2P in the vicinity of the transition. The letters identify the 


temperatures of the x-ray scans. 


In materials research, calorimetry, 
that is, measurements of the specific 
heat and/or of the latent heat, provides 
one of the basic thermodynamic char- 
acterizations. It directly probes the en- 
ergy contained in the various degrees 
of freedom in the material under study 
as function-of-state variables such as 
temperature, applied magnetic field, or 
strain. Specific heat measurements are 
highly sensitive to phase transitions, 
giving information on the order of the 
transition, the effect of fluctuations, and 
the universality class. 

In highly correlated electron sys- 
tems, interesting and unexpected be- 
haviors can arise due to the coexis- 
tence, the competition, and/or 
intertwining of several order parameters 
such as superconductivity, nematic or- 


der, magnetism, or structural distor- 
tions. In such cases, in addition to 
calorimetry, complementary transport, 
magnetic, or structural measurements 
are usually required to obtain a com- 
plete picture of the physics. Ideally, 
these measurements should be per- 
formed simultaneously on the same 
sample in a multi-modal fashion in order 
to avoid spurious effects due to features 
such as sample inhomogeneity, varia- 
tions in doping level, or uncontrolled ac- 
tual sample temperature. 

Recent advances in electronics 
and nano-fabrication have enabled 
chip-based calorimetry, opening the 
door to performance of diffraction ex- 
periments with simultaneous thermody- 
namic information from the bulk, includ- 
ing structural, electronic, orbital, and 


magnetic phase transitions, in particu- 
lar, in applied magnetic fields and at low 
temperatures. 

A team of researchers from Ar- 
gonne and Stockholm University has 
combined a chip-based nano-calorime- 
ter and a magnet variable-temperature 
insert to directly measure specific heat 
concurrently with x-ray scattering. An in- 
trinsic high resolution and an excellent 
absolute accuracy of measured temper- 
ature and specific heat using tiny sam- 
ples (e.g., 100 ng) are the hallmark of 
nano-calorimetry. This calorimeter is 
millimeters in dimension and can easily 
be incorporated into virtually any cryo- 
stat being used at user facilities. 

The active part of the calorimeter 
consists of a stack of thermalization 
layer, thermometer, and heaters sepa- 
rated by insulation layers (Fig. 1, upper 
left). During measurements, an AC 
heater gives rise to a small temperature 
oscillation, which is measured with a 
custom-designed field-programmable 
gate-array-based lock-in system, which 
also measures and independently con- 
trols the local sample temperature, 
keeping the cryostat cold finger at the 
lowest desired temperature. 

For initial proof-of-principle investi- 
gations, di-iron phosphide (Fe;P) show- 
ing magneto-caloric effect (MCE) and a 
cuprate (Y5Ba4Cu4Og 95, YBCO) super- 
conductor were chosen. Fe,P has a 
hexagonal structure, which undergoes 
a first-order paramagnetic-to-ferromag- 
netic phase transition at T, = 217 K. It is 
a model system for first-order magnetic 
phase transitions with a strong mag- 
neto-crystalline anisotropy controlling its 
MCE. Thermodynamic studies indicated 
that the onset of spontaneous magneti- 
zation along the c-axis for perpendicular 
fields is associated with a magneto- 
elastic (ME) transition. Indeed concur- 
rent x-ray and calorimetry measure- 
ments (Fig. 1) unambiguously showed 
ME; a large change in lattice parameter 
through Tc was observed, consistent 

"States" cont'd on page 218 


A New BENT BRAGG-LAUE MONOCHROMATOR AT 
APS BEAMLINE 17-BM-B 


A new high-energy Bragg-Laue 
monochromator was built, installed, 
commissioned, and introduced in oper- 
ation at XSD beamline 17-BM-B in 
2016. The monochromator adopts a 
novel design composed of a meridion- 
ally bent Bragg silicon (311) crystal 
and a sagitally bent Laue crystal. The 
bent Bragg crystal increases the angu- 
lar acceptance and focuses the beam 
in the vertical direction, and the bent 
Laue crystal focuses the monochro- 
matic beam horizontally. This configu- 
ration enables the monochromator to 
provide a focused beam of less than 
500 um (H) x 500 um (V) in the experi- 
mental station with decent photon flux 
(1 x 10!! ph/s at 40 keV) and energy 
resolution (2 x 104 AE/E at 40 keV). 
The new setup does not require any 
additional optical components (e.g., 
mirrors) to perform such focusing. The 
new monochromator has a tunable en- 
ergy between 27 keV and 51 keV, an 
optimal energy range for material re- 
search using a two-dimensional diffrac- 
tion technique in transmission geome- 
try. The two beam energies are 
primarily used; 27 keV is selected 
when the 20 resolution is the prefer- 
ence, while 51 keV is used for collect- 
ing data to high Q space (Q4, - 19 A 
1) for pair distribution function (PDF) 
analysis. 

Beamline 17-BM-B is a rapid-ac- 
quisition powder diffraction beamline 
equipped with a PerkinElmer a-Si flat 
panel detector. Previously, 17-BM-A,B 
operated at 12 keV to 18 keV with the 
former monochromator, which was in- 
stalled by the Industrial Macromolecu- 
lar Crystallography Association Center 
for Advancing Therapeutics and uti- 
lized for the study of pharmaceutical 
samples. When 17-BM-A,B was incor- 
porated into the XSD Structural Sci- 
ence (SRS) Group in 2013, the user 
program was switched and expanded 
to broad areas of materials science 
and inorganic chemistry, including 
electrochemistry, catalysis, gas stor- 
age materials, functional nanomateri- 
als, high-pressure research, etc. Many 
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Fig. 1. The new Bragg-Laue monochromator installed at 17-BM. 


samples as well as in situ sample cells 
present strong x-ray absorption at 18 
keV that significantly reduced the in- 
tensity of the diffracted beams trans- 
mitting through the samples and the 
cells. Increasing the monochromatic 
beam energy leads to more intense dif- 
fractions and shorter data collection 
time needed to obtain a decent x-ray 
diffraction pattern, which is essential to 
a beamline focusing on in situ and 
operando studies. Besides, a higher 
energy would be able to compress 
enough high Q diffraction cones for- 
ward onto the area detector for com- 
plete structural characterization with 
the Rietveld method. 

Considering these factors among 
others, 30 keV to 50 keV is the optimal 
range for diffraction and scattering 
studies at 17-BM-A,B, and was tar- 
geted when designing the new mono- 
chromator. This medium- to high-en- 
ergy range, currently 
under-represented at APS and other 
light sources in the U.S., complements 
other beamlines managed by the SRS 
Group; 11-ID-B and 11-ID-C primarily 
for PDF studies and high-energy dif- 


fraction (260 keV), and 11-ID-D for 
time-resolved spectroscopy and scat- 
tering studies (6 keV to 28 keV). 

An advanced feature of the new 
monochromator is the meridionally 
bendable first crystal. The crystal is U- 
shaped with its bottom surface (150 
mm x 60 mm) receiving the white 
beam at an angle of 3° to 8° between 
the surface and the white beam. A 
piezo placed within and pushing 
against the two legs of the crystal is 
able to bend the bottom surface to a 
radius of 220 m to maximize the angu- 
lar acceptance and focus the beam in 
the vertical direction. Compared to a 
conventional double-Laue monochro- 
mator where both Laue crystals are 
sagitally bent without vertical focusing 
capability, the new Bragg-Laue mono- 
chromator can increase the flux 
through a 300-um pinhole aperture at 
the experimental hutch by 3 to 5 times. 

The monochromator was installed 
and commissioned at the beginning of 
the 2016-3 APS user run. Also installed 
was a white-beam filter set composed 
of graphite and silicon carbide sheets 
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IHREE DIMENSIONAL, VARIABLE- WAVELENGTH, 
X-RAY BRAGG COHERENT DIFFRACTIVE IMAGING 
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Fig 1. (a) Schematic diagram of rocking-curve-based BCDI. (b) A set of slices collected around the 3-D Bragg intensity distribution with rocking-curve-based 


BCDI geometry. (c) and (d) Corresponding diagrams for variable wavelength BCDI. 


In last decade, Bragg coherent dif- 
fractive imaging (BCDI) has been uti- 
lized as an emerging nanomaterial 
characterization tool at modern syn- 
chrotron sources. A unique feature of 
BCDI, namely extremely high sensitivity 
to nanoscale distributions of strain and 
lattice distortions in crystals, enables 
the imaging of local strain distributions 
in three dimensions with nanoscale 
spatial resolution. In recent years, in 
situ and operando measurements es- 
sential for gaining insight into new ma- 
terials science questions became a ma- 
jor driver for BCDI. 

To enable three-dimensional (3-D) 
strain-sensitive imaging with BCDI, the 
3-D Bragg intensity distribution must be 
measured. This is done with current 
rocking-curve-based BCDI methods by 
scanning the sample angle as shown in 
Fig. 1(a). In this manner, the 3-D Bragg 
intensity distribution can be collected as 
a series of two-dimensional slices 
through the reciprocal space volume 
with an area detector. Alternately, in a 
Bragg diffraction experiment, the recip- 
rocal space volume about a Bragg peak 
can be measured by finely scanning the 
wavelength of incident x-rays, which re- 
quires no sample motion (Fig. 1(c)). 
Such a scan will result in an equally 
valid 3-D Bragg intensity data set ob- 
tained by different means (Fig. 1(d)) 
that requires the development of a new 
image reconstruction approach. 

A team led by researchers from Ar- 


gonne and Aix-Mar- 

seille University has (aj 
demonstrated how 

to overcome this 
challenge, opening |, g 
the door to new ` 
strain imaging stud- k T 
ies of materials in 
environments 
where sample ma- 
nipulation is difficult 
and the details of 
nanoscale strain 
distribution and 


evolution remain u 
elusive. These re- $ 0| 
searchers intro- g 
duced a new phase È®?]| 
retrieval algorithm : a 
designed to handle 5 
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The algorithm takes Fig. 2. (a) The 3-D shape and near-surface lattice displacement of the 


advantage of the 


gold nanocrystal reconstructed from variable wavelength BCDI. (b) The lat- 


Fourier slice projec- tice displacement within a gray plane is shown in (a). (c) and (d) Corre- 


tion theorem and 
considers the rela- 
tionship between 
spatial sampling 
and array size in a 
two-dimensional discrete Fourier trans- 
form. 

The researchers demonstrated the 
new method on a (111) Bragg peak of 
gold nanocrystal by scanning the en- 
ergy of coherent x-rays from 8.85 to 
9.15 keV with 6-eV increments at the 


wavelength BCDI. 


sponding images of the same crystal from rocking-curve-based BCDI. (e) 
Comparison of linecuts of lattice displacement along the dotted line in (b) 


and (d). (f) Error metrics from rocking-curve-based BCDI and variable 


XSD 34-ID-C beamline of the APS. Us- 
ing the new algorithm, a 3-D image of a 
gold nanocrystal was reconstructed as 
shown in Fig. 2(a). Figure 2(b) displays 
the lattice displacement within a gray 
plane in Fig. 2(a). The coloring corre- 
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X-ray Dose & Temperature Rise 
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Fig. 2. Left: Sample YBCO temperature changes as the amount of incident flux is varied using attenu- 


ators. On increasing flux momentary rises are observed while foils are being removed and inserted to 


obtain a set attenuation of the beam. Right: Specific heat measured with and without a full x-ray 


beam on a YBCO crystal. 
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with a structural transition. As shown, 
the use of a nano-calorimeter enables 
one to control sample temperature with 
a 10-ppm precision, determine intrinsic 
transition width as a function of mag- 
netic field, and exactly correlate struc- 
tural changes with specific heat through 
a hysteretic transition. 

At cryogenic temperatures, x-ray 
beam heating has a spectacular effect 
on YBCO sample temperature and 
Bragg-peak intensity in direct correla- 
tion with incident flux (Fig. 2, left pan- 
els). This change in temperature as a 
function of absorbed dose has been uti- 
lized to measure x-ray resonant fea- 
tures (not shown). The right panels in 
Figure 2 display specific heat measured 
with and without a full x-ray beam im- 
pinging on the sample, clearly identify- 
ing the superconducting transition with 
a high fidelity. 

Looking forward, as the proposed 
APS Upgrade is poised to enable sub- 
micron spot sizes of intense coherent 
beams, the need for in situ determina- 
tion of the exact thermodynamic state of 
a sample seems greater than ever. 
Some salient benefits of nano-calorime- 
try include, first a precise control of 
sample temperature to eliminate arti- 
facts due to thermal fluctuations in co- 


herent scattering studies as well as to 
enable one to reach smaller reduced 
temperature, t-|T/T.|, for better obser- 
vation of critical phenomena. Second, 
local control of sample temperature 
translates into a fast cycling of sample 
temperature over hundreds of degrees 
in seconds for order parameter meas- 
urements and quenching in disorder, if 
desired. Preliminary measurements 
also demonstrated that by modulating 
incident x-ray flux, one can induce sam- 
ple-temperature oscillations for specific- 
heat determination, which can eliminate 
the need for an AC heater in the 
nanocalorimeter. 

With cutting-edge nano-technology 
at our disposal, nano-calorimetry lends 
itself to tailoring in order to exactly meet 
the thermal and geometric demands of 
specific x-ray experiments. 

Contact: K. Willa, kwilla@anl.gov; 

U. Welp, welp@anl.gov; and 

W.-K. Kwok, wkwok@anl.gov (all Ar- 
gonne MSD) D. Campanini, 

Donato. Campanini@fysik.su.se; Z. 
Diao, zhu.diao@fysik.su.se; and A. 
Rydh, andreas.rydh@fysik.su.se (all 
Stockholm University) Z. Islam, za- 
hir@aps.anl.gov (Argonne APS) 


REFERENCE: 


S. Tagliati, V.M. Krasnobv, and A. Rydh, “Dif- 
ferential membrane-based nanocalorime- 


ter for high-resolution measurements of 
low-temperature specific heat," Rev. Sci. 
Instrum. 83, 055107 (2012). 
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to take away the low-energy radiation 
in order to reduce the heat load on the 
Bragg crystal, which is cooled by 
house water through the two cooper 
brackets holding its legs. The old optics 
contained a collimating mirror and a 
vertical focusing mirror that are no 
longer used with the new monochroma- 
tor. Because of this simplified optics, 
the beam stability has been greatly im- 
proved so that realignment is rarely 
needed when continually operating at 
the same energy for weeks. 
Contact; Wenqian Xu, 
wengianxu@aps.anl.gov; 
Andrey Yakovenko 
ayakovenko@aps.anl.gov 


Details of the monochromator design and 
ray tracing results were included in a recent 
submission to the Journal of Applied Crystal- 
lography, titled “Bent Bragg-Laue monochro- 
mator for high-energy X-rays.” Peter 
Chupas, Xianbo Shi, Charles Kurtz, Gregory 
Halder, Zunping Liu, Lynn Ribaud, Guy Jen- 
nings, Karena Chapman, and Kevin Beyer 
among other staff in the SRS group con- 
tributed to the design, construction and in- 
stallation of the new monochromator. Special 
thanks to Xianrong Huang and the optics 
group for cutting the crystals, Jun Qian for 
the metrology measurement, and Stanislav 
Stoupin for help in testing the monochroma- 
tor at XSD beamline 1-BM. 
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sponds to lattice displacement along a 
(111) crystallographic direction. Com- 
parison of the new method, entitled 
variable-wavelength BCDI, with stan- 
dard BCDI measurements show excel- 
lent agreement (Fig. 2(c) and 2(d)). 
This research demonstrates that 

variable wavelength BCDI preserves 
the strain-sensitive 3-D imaging capa- 
bility of current BCDI without any sam- 
ple motion. This capability will enable 
certain in situ and operando strain 
measurements in environments that are 
currently incompatible with current 
BCDI methods because of the difficulty 
of accurately rotating the sample about 
the center of rotation of a diffractometer 
system. 

Contact: Wonsuk Cha, wcha@anl.gov 
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Fig 1. Schematic layout of MOI propagation through a mirror. Insert is the figure error profile of 


the mirror. 


Coherence-and wavefront- 
preserving optics are central ele- 
ments for the APS beamlines that 
will take full advantage of the 
APS Upgrade. Knowledge of the 
coherence properties of the 
beamlines in different optical lay- 
outs and arrangements is of 
great importance for beamline 
and experiment design. There- 
fore, a simulation program that 
analyzes beamline coherence 
with effects of non-ideal optics is 
essential. An advanced simula- 
tion code was developed [1] 
based on the mutual optical in- 
tensity (MOI) model, and ex- 
tended [2] to propagate the MOI 
function through non-ideal x-ray 
optics. 

The MOI function is a four- 
dimensional function that fully de- 
scribes the wavefront and coher- 
ence of a partially coherent 
beam. In the MOI model, the 
wavefront is separated into small 
elements within which the beam 
is assumed to be fully coherent 
with constant complex amplitude. 
The figure errors on reflecting 
mirrors are dealt with by path- 
length calculations through local 
ray-tracing. Figure 1 is a 
schematic layout of a focusing el- 
liptical cylinder mirror. The 
Gaussian source with a sigma 
size of 2 um and divergence of 
30 urad is focused by a 200-mm- 


long mirror with a grazing angle of 2.5 mrad. 
The source-to-mirror and mirror-to-image dis- 
tances are 30 m and 0.2 m, respectively. The 
simulated intensity profiles at the image plane 
with and without figure errors [cf. Fig. 1 insert] 
are shown in Fig. 2(a). The multiple maxima 
near the central peak are the results of the 
low spatial frequency figure errors. The MOI 
model also provides the local degree of coher- 
ence [Fig. 2(b)] and the wavefront [Fig. 2(c)]. 
Even though the figure errors do not change 
the global degree of coherence, they redistrib- 
ute the local coherence and could severely 
distort the wavefront. 

The MOI model has been benchmarked 
against the Synchrotron Radiation Workshop" 
(SRW) open source computer code [3], and 
the HYBRID [4] code, an efficient code com- 
bining ray tracing and wavefront propagation 
for calculating beam intensity profiles along 
the beamline. The MOI model can provide ac- 
curate results in different coherence condi- 
tions. Since the full MOI function is stored, se- 
quential simulation of beamline optics can be 
carried out, which is its main advantage over 
SRW. 

Compared to HYBRID, the MOI model 
can provide much more information on beam 
coherence and wavefront. Furthermore, the 
accuracy and efficiency of the MOI model can 
be balanced by changing the number of ele- 
ments within the wavefront. These merits 
make the MOI model a promising tool for ad- 
vanced beamline simulation, especially for co- 
herence related beamlines. Further develop- 
ment will include extending the MOI model to 
two-dimensional simulation and implementing 
real source calculations. 
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Fig. 2. (a) Intensity profiles, (b) local coherence 
degree, and (c) wavefront calculated at the 
image plane by the MOI model through an el- 
liptical cylinder mirror with (dotted lines) and 
without (solid lines) figure errors (cf. Fig. 1). 


Contact: Xianbo Shi 
xshi@aps.anl.gov; Ruben Reininger 
rreininger@aps.anl.gov; Lahsen As- 

soufid assoufid@aps.anl.gov 


REFERENCES 
[1] X. Meng, C. Xue, H. Yu, Y. Wang, Y. Wu, 


and R. Tai, Opt. Express 23, 29675 (2015). 


[2] X. Meng, X. Shi, Y. Wang, R. Reininger, L. 


Assoufid, and R. Tai, to be submitted. 


[3] O. Chubar, Proc. SPIE. 9209, 920907 


(2014). 


[4] X. Shi, R. Reininger, M. Sanchez del Rio, 


L. Assoufid, J. Synchrotron Rad. 21, 669 
(2014). 


STREAMING IMAGES TO POWDER PATTERNS AND 
PAIR DISTRIBUTION FUNCTIONS WITH GSAS-II 


Modern powder diffrac- 
tion and total scattering ex- 
periments are frequently col- 
lected as a series of 
two-dimensional images that 
reflect structural changes 
within the sample as a func- 
tion of time, temperature, or 
other experimental stimuli. It 
is difficult to track reaction 
progress directly from the in- 
spection unless each of 
these images are converted 
to a one-dimensional pow- 
der diffraction pattern and 
associated pair distribution 
function (PDF), the first step 
in data analysis. 

In the past, this data 
processing required a series 
of programs, each with idio- | 
syncratic input and output 
and invoked image-by-im- 
age to produce data in a de- 
sired format necessary for 
plotting or crystallographic d 
analysis. Often, users did B 
not complete many of these 
operations until they re- 
turned to their home institu- 
tions, making it impossible 
to determine data quality in 
time to make changes. 

This has changed with 
GSAS-II, an open source 
Python project that ad- 
dresses all types of crystal- 
lographic studies, from sim- 
ple materials through macromolecules, 
using both powder and single-crystal 
diffraction and with both x-ray and neu- 
tron probes. Measurements can be con- 
stant wavelength or TOF (thanks to 
support from Oak Ridge National Lab.) 
GSAS-II replaces an earlier crystallo- 
graphic package, GSAS/EXPGUI that is 
cited ~500 times/year, but GSAS-II also 
handles all the steps in diffraction 
analysis, such as data reduction, peak 
analysis, indexing, Pawley fits, small- 
angle scattering fits, stacking fault simu- 
lations and structure solution, in addi- 
tion to the structure refinement of 


X-ray bea 
direction 


Visualization 


Following 


* ttm Aga 
nm a 
a pie 
m 
3 Ss 
a8, — 
rr teat 
mil ml 
^ 
LL * 


Allows users to obtain PDF peak 
areas, positions, and widths and _ | 
see trends during data collection i- LIEN I LI 


High High 2-theta 
Qs resolution 
(PD (XRD) 








Sample 








AL Cf) A OMT Anes LNT 


LI 


fh ST E34 X 





rameters and with all corrections applied. 


GSAS/EXPGUI. Most recently, GSAS-II 
has been expanded to handle PDF ex- 
tractions and PDF peak fitting analysis. 
It can be used with large collections of 

related datasets for repeated (sequen- 

tial) refinements and for parametric fit- 

ting to these results. 

The GSAS-II web site, with tutori- 
als, installation and update information, 
is at 
https://subversion.xray.aps.anl.gov/trac/ 
pyGSAS and source code is found at 
https://subversion.xray.aps.anl.gov/pyG 
SAS/trunk/. 

In a cooperative effort between 
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Fig 1. Varying the detector distance allows for optimizing the high Q-range for 
PDF or 2-theta resolution for x-ray diffraction. Images collected at both dis- 


tances are automatically integrated within GSAS-II using all the necessary pa- 


beamline scientists in the 
XSD Structural Science 
Group and the computational 
scientists in the XSD Compu- 
tational X-ray Science Group, 
the GSAS-II package has 
been adapted to automate 
data reduction. This has al- 
lowed it to be deployed at 
APS beamlines 17-BM, 11- 
ID-B, and 11-ID-C, where 
streamed diffraction images 
are converted directly to pow- 
der patterns and pair distribu- 
tion functions as they are ac- 
quired (Fig. 1). The advanced 
visualization capabilities of 
GSAS-II help users to better 
assess and improve the 
progress of their experi- 
ments. This significantly im- 
proves the likelihood of 
beam-time success and en- 
sures that experimenters re- 
turn home with completely 
processed data, enhancing 
the likelihood for complete 
analysis. 
The proposed APS Up- 
| grade will result in greatly in- 
"T creased flux increase at in- 
sertion device beamlines, 
significantly increasing data 
collection rates. The develop- 
ment and implementation of 
the automatic data reduction 
and visualization methods, 
such as what has now been 
added to the GSAS-II environment, is 
an important step in preparation for the 
APS-Upgrade. 
Contact: Kamila M. Wiaderek, 
kwiaderek@aps.anl.gov 
Robert B. Von Dreele, 
vondreele@anl.gov 
Andrey A. Yakovenko, 
ayakovenko@aps.anl.gov 


Wengian Xu, Olaf Borkiewicz, and Brian 
Toby contributed to the design, testing and 
implementation of the auto-integration and 
PDF extraction techniques in GSAS-II. 


AERODYNAMIC LEVITATOR FOR 
HiGH-ENERGY X-RAY SCATTERING 
FROM HiGH-TEMPERATURE NUCLEAR MATERIALS 


At 16,000 reactor-years of civil op- 
eration and counting. nuclear power 
from fission currently accounts for 
about 10% of the global electricity sup- 
ply. Because the majority of currently 
operating nuclear reactors use either 
UO2 or mixed oxide fuel (typically 90% 
UO2), understanding and predicting 
the behavior of UO2 at extreme tem- 
peratures is of great importance to im- 
proved safety and optimization of this 
low-carbon electricity source. 

To facilitate the study of radioac- 
tive samples at these extreme temper- 
atures, an aerodynamic levitator with 
laser-beam heating has been inte- 
grated with a hermetically sealed 
chamber on the XSD high-energy x-ray 
beamline 6-ID-D. Laser heating from 
above enables temperatures from 
2000 C to 35000 C to be attained. Inte- 
gral safety features include a pressure 
monitored double-laser window and a 
gas cross purge to a HEPA filter. Con- 
tainerless levitation techniques elimi- 
nate the possibility of chemical reac- 
tions with surrounding materials at high 
temperatures and the gas mixing pro- 
vides control of the process atmos- 
phere chemistry. A built-in remote sam- 
ple handling mechanism enables up to 
25 samples to be interchanged during 
a single installation. 

High-energy x-rays (typically 100 
keV) can penetrate the bulky chamber, 
allowing radioactive samples, including 
nuclear fuel materials, to be studied 
using Pair Distribution Function analy- 
sis. Powder diffraction experiments are 
also feasible using a rotating levitation 
nozzle that creates a gas vortex to spin 
the sample. The laser power, levitation 
gas flow, and pressure are remotely 
controlled using a LabVIEW GUI inter- 
face, which also logs the pyrometer 
temperature data. Diffraction patterns 
are typically measured from the top 
few hundred microns of the levitated 
sample, co-incident with the laser spot 
and focal point of the pyrometer to 
minimize temperature gradient effects. 





Fig. 1. The nuclear material is levitated from below on a gas jet and heated from above by a 400-W 


CO, laser. The scattered x-ray beam is measured with a large, a-Si flat plate area detector. The 


sample manipulator is operated outside the chamber using a bellows system. 


The chamber was fabricated by Materi- 
als Development, Inc., and technical 
resources were provided by the Ar- 
gonne Nuclear Engineering Division. 


See: J.K.R. Weber!2, A. Tamalonis?, 
C.J. Benmore?, O.L.G. Alderman’, S. 
Sendelbach!, A. Hebden?, and M.A. 
Williamson!, “Aerodynamic levitator for 
in situ x-ray structure measurements on 
high temperature and molten nuclear 
fuel materials,” Rev. Sci. Instr. 87, 
073902 (2016). 

DOI: 10.1063/1.4955210 

Author affiliations: Materials Develop- 


ment, Inc., 2Argonne National Labora- 
tory 

Work was supported under the following 
contracts: MDI, Contract Nos. DE- 
SC0007564 and DE-SC0015241 from the 
U.S. Department of Energy (DOE) and Con- 
tract Nos. 6F-30221, 6F-30241, and 6F- 
30581 from Argonne National Laboratory. 
APS, U.S. DOE, Argonne National Labora- 
tory was supported under Contract No. 
DE-AC02-06CH11357. We thank Dou- 
glas Robinson for helping with the 
beamline experiments at APS and John 
Vacca and Bruce Glagola for their ad- 
vice about radiation safety for the 
beamline installation. 


A NEW ERA FOR X-RAY FLUORESCENCE MICROSCOPY: 
FASTER, BETTER, MORE-AUTOMATED ANALYSIS 


X-ray fluorescence (XRF) data can 
be analyzed using different techniques 
from quick region-of-interest (ROI) sum- 
ming to more precise curve fitting. The 
faster ROI method provides a quick 
view of the data but can give incorrect 
results (e.g., due to cross-talk between 
fluorescence lines from different ele- 
ments). A per-pixel Gaussian fit gives a 
more accurate representation of the 
data but takes significantly longer in 
terms of computation time. Argonne re- 
searchers recently inaugurated a new 
implementation in C++ for significantly 
improved robustness, better perform- 
ance (4x), and better scaling compared 
to previous versions. To further acceler- 
ate the performance of per-pixel Gauss- 
ian fitting, the team took advantage of 
the C++ framework to implement a ro- 
bust optimization algorithm—non-nega- 
tive least squares (NNLS)—for an addi- 
tional speedup of 30x (Fig. 1). 

A website was created to allow 
APS beamline scientists and users to 
submit analysis jobs to a cluster of 
computers for processing. The web 
page displays the current status of 
each analysis computer showing CPU, 
system RAM, and swap hard drive 
memory utilization. There are three in- 
formative lists for the status of each 
job, displaying which jobs are queued, 
processing, and finished. Meta infor- 
mation saved for each job records 
when the job processing was started 
and finished (Fig. 2). 

The engine running the web page 
is a python application. It exposes a 
REST web interface that allows other 
python scripts to submit jobs or get in- 
formation concerning which jobs are 
queued. A python script at XSD beam- 
line 2-ID-E checks for completed scans 
and submits jobs to the web site. The 
web site then checks to see what analy- 
sis computer is free to process the jobs 
and sends it accordingly. The architec- 
ture makes it possible to perform addi- 
tional tasks when the analysis is com- 
plete. For example, users can choose 
to receive automatic emails with pre-an- 
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Fig. 1. Performance in seconds of five XRF-MAPS elemental mapping algorithms for increasing num- 


bers of processing cores. The data set is 291 x 331 x 2048 in size. The software is processing the fol- 
lowing elements: Al, Si, P, S, CI, Ar, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn. 
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Fig. 2. User view of the job submission web page, which extends an API for jobs to be automatically 


submitted when acquisitions is done to automate data analysis 


alyzed images as scans finish. 

XRF data captured using a tomo- 
graphic scan protocol can be used to 
reveal the three-dimensional internal el- 
emental composition of a given sample. 
However, the resulting reconstruction 
problem typically is ill-posed and does 
not have a unique solution because of 
insufficient measurements. By adding x- 
ray transmission as a modality to the 
dataset, one can obtain the spatial dis- 
tribution of the absorption coefficient in- 
side the sample. To take advantage of 


the complementary information from dif- 
ferent modalities to this limitation, we in- 
tegrated both modalities, which are con- 
currently captured during experiment to 
formulate an optimization approach 
called "joint inversion." This simultane- 
ously reconstructs the elemental com- 
position and overall absorption of the 
sample. The joint inversion can provide 
a dramatically improved reconstruction 
result. In particular, the challenges in 
XRF tomography arising mainly from 
the effects of self-absorption in the >> 


> Fig. 3. Numerical results on synthetic Phantom 
sample composed of elements K, Ga, and Fe. The 
first row is the ground truth elemental maps, the 
second row is the initial guess set up as O every- 


where, then compared to the reconstruction results 


True 


obtained from single XRF (3rd row), single XRT 





(4th row), and joint inversion (last row) separately, 
where the last column shows the overall recon- 
struction error. As demonstrated, joint inversion 


dramatically outperforms the other two schemes. 
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«« sample are greatly mitigated (Fig. 3 
and Fig. 4). 

XRF data analysis involves multiple 
parameters and in-depth knowledge of 
equipment. Providing a simple interface 
can help researchers minimize mis- 
takes and concentrate more on their ex- 
periments. Collaboration between the 
XSD Scientific Software & Data Man- 
agement, Computational X-ray Science, 
and Microscopy groups allows us to 
streamline the data analysis with inte- 
grated tools, and faster, yet precise, 
data analysis techniques. 

Contact: Arthur Glowacki, 
aglowacki@aps.anl.gov; 

Zichao Di, wendydi@mcs.anl.gov; 
and Stefan Vogt, svogt@anl.gov 
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> Fig. 4. Numerical results on real data where the 
sample is a silicon solid rod. Due to the thickness of 
the rod, XRF data suffers heavily from the well- 
known self-absorption scheme. Using the standard 
single modality reconstruction scheme 
(TomoPy+MAPS), the reconstructed rod appears to 
be hollow, while joint inversion is able to recover 


the solid nature of the rod. 





GENERAL-PURPOSE RECIPROCAL SPACE MAPPING 
SOFTWARE FOR USE AT THE APS 


NM 
Nn 


Fig. 1. RSMap3D user interface. Top: An inter- 
active 3-D view of the full scan space imported 
from acquisition data specified in the dialog to 
the right. Via the interface users can select 
scan geometry and image data files, and in- 
strument configuration settings. Bottom: 3-D 
view of a smaller scan space selected based 
on parameters in the adjacent dialog. Users 
can set the bounding region of the scan area 
to map, select individual images to include or 
exclude from space-mapping, and view scan 


parameters associated with individual images. 
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Data analysis software is funda- 
mental to scientific discovery at the 
APS. The impressive variety of world- 
leading techniques performed at the 
APS coupled with the facility’s diverse 
user-base naturally leads to a demand 
for a variety of different software tools. 
Despite this variety, some analysis 
techniques are of common interest to 
many APS beamlines, either as a pri- 
mary form of analysis, or through use 
as a data processing step performed 
as a part of a larger analysis workflow. 

An example of such a common 
data analysis technique is found in re- 
ciprocal space mapping (RSM) tools. 
RSM tools are used to transform data 
from diffractometer-space (images col- 
lected at a set of angles) into recipro- 
cal-space (scattered intensities at q’) 
or in terms of the related Miller Indices 
(h, k, 1). The output from this mapping 





often forms the basis of further data 
analysis. For example, they are used 
as a part of general-purpose scattering 
and diffraction (including microdiffrac- 
tion) beamlines. Additionally, these 
tools are used for techniques that 
study dynamics, such as time-depen- 
dent diffraction, to provide reciprocal- 
space input to wide-angle x-ray photon 
correlation spectroscopy (WA-XPCS) 
reduction software, or to assist in the 
discovery of spectroscopic features as- 
sociated with particular lattice sites, 
which can then be studied further. 

As with many other techniques at 
the APS, the development and applica- 
tion of higher frame-rate detectors en- 
ables novel science in a wide range of 
diffraction based areas. A conse- 
quence of these detector advance- 
ments is the creation of greater 
amounts of image data that must be 


processed, making parallel computa- 
tion necessary. 

In this area, the APS continues to 
develop the RSMap3D software pack- 
age, a general-purpose tool for recipro- 
cal-space mapping. The tool allows 
users to examine a volume of data and 
select portions on which to apply trans- 
formations that convert detector pixel 
locations from diffractometer geometry 
to reciprocal-space units, and then map 
pixel data on to a three-dimensional (3- 
D) reciprocal-space grid. RSMap3D can 
map data acquired using 4- and 6-circle 
diffractometers, and with scans taken 
over angles or energy. The application 
presents a graphical interface for se- 
lecting the relevant parts of data to 
process via a 3-D representation of the 
acquired data volume (Fig. 1). 

Scan angle or energy data is usu- 
ally read from data files generated by 
spec, while image data is often read 
from TIFF or HDF5 files. The core map- 
ping routines utilize the OpenMP pro- 
gramming API to parallelize operations 
across multiple cores on a workstation 
for increased performance. Data too big 
to fit entirely into memory at one time is 
processed in smaller chunks and re- as- 
sembled to form the final output vol- 
ume, allowing users to process arbitrar- 
ily large input datasets. 

Once data is processed it may be 
used as input to further analysis work- 
flows. Additionally, visualization is often 
an important part of the data analysis 
process. Data generated by RSMap3D 
is easily read by ParaView, an open- 
source, high-performance tool for 3-D 
data visualization and manipulation. 
ParaView allows the user to easily pro- 
duce 3-D contour plots and make slices 
through the data using plane cuts or 
cuts on the surface of a defined sphere, 
for constant Ig cuts, for example. Us- 
ing RSMap3D in combination with so- 
phisticated visualization tools enables 
APS staff and users to study large dif- 
fraction data quickly and effectively 
(Fig. 2). 

RSMap3D is written in Python and 
relies heavily on the xray utilities, 
spec2nexus, and VTK libraries. It is 
easily installed using the pip package 
management system, and runs on the 
Linux, OS X, and Windows platforms. 
RSMap3D is now in regular use for 
scattering and diffraction experiments at 
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Fig. 2. Top: ParaView visualization of a diffraction dataset composed of a series of phi scan 


scans at various chi values. The dome thickness represents a range of |q| values at each of 


the chi/phi values. Bottom: 3-D view of reciprocal-space map showing multiple cuts through 


the data. 


the XSD 33-BM and 33-ID beamlines, 
for microdiffraction analysis at 34-ID, 
and for time-resolved diffraction work at 
7-ID. Development is underway for WA- 
XPCS analysis at 8-ID, and for data ex- 
ploration with inelastic x-ray measure- 
ments at XSD 30-ID. 
Contact: John Hammonds, 
Jphammonds@anl.gov; Jonathan 
Tischler, tischler@aps.anl.gov; 
Christian Schleputz, 
christian.schlepuetz@psi.ch; 
Nicholas Schwarz, 
nschwarz@aps.anl.gov 


The RSMap3D software package was devel- 
oped, and is supported and maintained by 
the XSD Scientific Software Engineering & 
Data Management Group in collaboration 
with Jonathan Tischler (XSD-SSM) with 
funding from the U.S. Department of Energy 
Office of Science under Contract No. DE- 
AC02-06CH11357. 


TYPICAL APS MACHINE PARAMETERS 


LINAC 
Output energy 


Maximum energy 
Output beam charge 
Normalized emittance 
Frequency 

Modulator pulse rep rate 


Gun rep rate 
(1-6 pulses, 33.3 ms apart every 0.5 s) 


Beam pulse length 
Bunch length 


PARTICLE ACCUMULATOR RING 
Nominal energy 

Maximum energy 

Circumference 

Cycle time 

Fundamental radio frequency (RF 1) 
12th harmonic RF frequency (RF 12) 


RMS bunch length 
(after compression) 


INJECTOR SYNCHROTRON (BOOSTER) 


Nominal extraction energy 
Injection energy 
Circumference 

Lattice structure 


Ramping rep rate 
Natural emittance 


Radio frequency 


STORAGE RING SYSTEM 
Nominal energy 


Circumference 

Number of sectors 

Length available for insertion device 
Nominal circulating current, multibunch 
Natural emittance 

RMS momentum spread 

Effective emittance 

Vertical emittance 

Coupling (operating) 

Revolution frequency 

Radio frequency 

Operating number of bunches 

RMS bunch lengths 

RMS bunch length of 16 mA in hybrid mode 


375 MeV 

500 MeV 
0.3-3 nC 

5—20 mm-mrad 
2.856 GHz 

30 Hz 

2—12 Hz 


8—15 ns 
1—10 ps FWHM 


375 MeV 

450 MeV 

30.66 m 

500 ms or 1000 ms 
9.77 MHz 

117.3 MHz 

0.34 ns 


7.0 GeV 
375 MeV 
368.0 m 


10 FODO cells/ 
quadrant 


2 Hz or 1 Hz 

69 nm-rad (actual) 
92 nm-rad (nominal) 
351.930 MHz 


7.0 GeV 
1104 m 

40 

5.0 m 

100 mA 

2.5 nm-rad 
0.096% 

3.1 nm-rad 
0.040 nm-rad 
15% 
271.555 kHz 
351.935 MHz 
24 to 324 

33 ps to 25 ps 
50 ps 


APS SOURCE PARAMETERS 


UNDULATOR A (29 INSERTION DEVICES [IDs]) 
Period: 3.30 cm 
Length: 2.1 m in sectors 16, 21, 23, 24, 34; 2.3 m in Sector 6; 
2.4 m in others 
Minimum gap: 10.5 mm 
Bolsos 0.892 T/2.75 (effective; at minimum gap) 
Tuning range: 3.0—13.0 keV (1st harmonic) 
3.0—45.0 keV (1st-5th harmonic) 
On-axis brilliance at 7 keV (ph/s/mrad?/mm?/0.196bw): 
4.1 x 101? (2.4 m), 4.0 x 101? (2.3 m), 3.3 x 1019 (2.1 m) 
Source size and divergence at 8 keV: 
X. 2476 pm dy: 11 um 
X: 12.7 urad (2.4 m), 12.8 urad (2.3 m), 12.9 urad (2.1 m) 
Y: 6.7 urad (2.4 m), 6.8 urad (2.3 m), 7.1 urad (2.1 m) 


2.30-CM UNDULATOR (2 IDs IN SECTORS 11, 14) 
Period: 2.30 cm Length: 2.4 m 
Minimum gap: 10.5 mm 
Bal wae 0.558 T/1.20 (effective; at minimum gap) 
Tuning range: 11.8—20.0 keV (1st harmonic) 
11.8—70.0 keV (1st-5th harmonic, non-contiguous) 

On-axis brilliance at 12 keV (ph/s/mrad2/mm2/0.1%bw): 6.9 x 1019 
Source size and divergence at 12 keV: 

x: 276 ym dy: 11 um 

X: 12.3 urad Y: 5.9 urad 


2./0-cm UNDULATOR (5 IDs IN SECTORS 3, 12, 14, 35) 
Period: 2.70 cm 
Length: 2.1 m in Sector 12; 2.4 min sectors 3, 14, and 35 
Minimum gap: 10.5 mm 
Baga 0.698 T/1.76 (effective; at minimum gap) 
Tuning range: 6.7—16.0 keV (1st harmonic) 
6.7—60.0 keV (1st-5th harmonic, non-contiguous) 

On-axis brilliance at 8.5 keV (ph/s/mrad2/mm_2/0.1 %bw): 
5.7 x 107? (2.4 m), 4.7 x 101? (2.1 m) 
Source size and divergence at 8 keV: 

2: 276 um dy: 11 um 

X: 12.7 urad (2.4 m), 12.9 urad (2.1 m) 

Y 6.7 urad (2.4 m), 7.1 urad (2.1 m) 


3.00-cm UNDULATOR (9 IDs IN SECTORS 12, 13, 16, 21, 
23, 27, 34, 35) 
Period: 3.00 cm 
Length: 2.1 m in sectors 12, 13, 16, 21, 23, 34; 2.4 min sectors 27 and 35 
Minimum gap: 10.5 mm 
Boecl sae 0.787 T/2.20 (effective; at minimum gap) 
Tuning range: 4.6—14.5 keV (1st harmonic) 
4.6—50.0 keV (1st-5th harmonic) 

On-axis brilliance at 8 keV (ph/s/mrad?/mm?/0.196bw): 
4.8 x 1019 (2.4 m), 3.9 x 101° (2.1 m) 
Source size and divergence at 8 keV: 

X276 um dy: 11 um 

X: 12.7 urad (2.4 m), 12.9 urad (2.1 m) 

Y 6.7 urad (2.4 m), 7.1 urad (2.1 m) 


3.50-cm SMCo UNDULATOR (SECTOR 4) 
Period: 3.50 cm Length: 2.4 m 
Minimum gap: 9.75 mm 
San Cnr 0.918 T/3.00 (effective; at minimum gap) 
Tuning range: 2.4—12.5 keV (1st harmonic) 
2.4—42.0 keV (1st-5th harmonic) 

On-axis brilliance at 7 keV (ph/s/mrad2/mm2/0.1%bw): 3.7 x 1012 
Source size and divergence at 8 keV: 

x: 276 ym dy: 11 um 

X 12.7 urad Y 6.7 urad 


3.60-cm UNDULATOR (SECTOR 13) 
Period: 3.60 cm 
Length: 2.1 m 
Minimum gap: 11.0 mm 
| dee 0.936 T/3.15 (effective; at minimum gap) 
Tuning range: 2.2-11.8 keV (1st harmonic) 
2.2—40.0 keV (1st-5th harmonic) 

On-axis brilliance at 6.5 keV (ph/s/mrad?/mm?2/0.196bw): 2.8 x 1019 
Source size and divergence at 8 keV: 

X. 276 um dy: 11 um 

X: 12.9 urad Y 7.1 urad 


1.72-cM UNDULATOR (SECTOR 30) 
Period: 1.72 cm 
Length: 4.8 m (2 x 2.4 m) 
Minimum gap: 10.6 mm 
Boss 0.330 T/0.53 (effective; at minimum gap) 
Tuning range: 23.7—26.3 keV (1st harmonic) 
On-axis brilliance at 23.7 keV (ph/s/mrad?/mm?2/0.196bw): 1.0 x 1020 
Source size and divergence at 23.7 keV: 
2 219 pm dy: 11 um 
X: 11.6 urad Y 4.3 urad 


1.80-cm UNDULATOR (SECTOR 32) 
Period: 1.80 cm 
Length: 2.4 m 
Minimum gap: 11.0 mm 
Bmax! Kmay: 0.244 1/0.41 (effective; at minimum gap) 
Tuning range: 23.8 - 25.3 keV (1st harmonic) 
71.4 - 75.9 keV (3rd harmonic) 

On-axis brilliance at 23.8 keV (ph/s/mrad?/mm?2/0.196bw): 2.8 x 1019 
Source size and divergence at 23.8 keV: 

xy: 276 um dy: 11 um 

2a: 11.9 urad Y 4.9 urad 


IEX 12.5-cm QUASI-PERIODIC POLARIZING UNDULATOR 
(SECTOR 29) 
Period: 12.5 cm 
Length: 4.8 m 
Circular polarization mode: 

Max. currents: horizontal coils 34.4 A, vertical coils 20.7 A 

Kmax: 2:/3 (effective; at max. currents) 

Bmax: 0-27 T (peak; at max. currents) 

Tuning range: 0.44—3.5 keV (1st harmonic) 

On-axis brilliance at 1.8 keV (ph/s/mrad?/mm?2/0.196bw): 1.4 x 1019 
Linear horizontal polarization mode: 

Max. current: vertical coils 47.6 A 

Kmax: 0:39 (effective; at max. current 

Bmax: 0-54 T (peak; at max. current) 

Tuning range: 0.24—3.5 keV (1st harmonic) 

0.24—11.0 keV (1st-5th harmonic) 

On-axis brilliance at 2.1 keV (ph/s/mrad?/mm?2/0.196bw): 1.1 x 1019 
Linear vertical polarization mode: 

Max. current: horizontal coils 50.3 A 

Kmax: 3:86 (effective; at max. current) 

Bmax: 0:37 T (peak; at max. current) 

Tuning range: 0.44—3.5 keV (1st harmonic) 

0.44—11.0 keV (1st-5th harmonic) 

On-axis brilliance at 2.1 keV (ph/s/mrad2/mm?2/0.196bw): 1.1 x 1019 
Fast polarization switching not required 
Source size and divergence at 2 keV: 

Xy: 276 um dy: 13 um 
2e: 13.9 urad 2y: 8.8 urad 


12.8-cm CIRCULARLY POLARIZING UNDULATOR (SECTOR 4) 
Period: 12.8 cm 

Length: 2.1 m 

Circular polarization mode: 

Max. currents: horizontal coils 1.34 kA, vertical coils 0.40 kA 

Kmax: 2-85 (effective; at max. currents) 

Bmax: 0:30 T (peak; at max. currents) 

Tuning range: 0.4—3.0 keV (1st harmonic) 

On-axis brilliance at 1.8 keV (ph/s/mrad?/mm?2/0.196bw): 3.1 x 1018 
Linear horizontal polarization mode: 

Max. current: vertical coils 0.40 kA 

Kmax: 2:89 (effective; at max. current) 

Bmax: 0:30 T (peak; at max. current) 

Tuning range: 0.72—3.0 keV (1st harmonic) 

0.72—10.0 keV (1st-5th harmonic) 

On-axis brilliance at 2.1 keV (ph/s/mrad?/mm?2/0.196bw): 2.3 x 1018 
Linear vertical polarization mode: 

Max. current: horizontal coils 1.60 kA 

Kmax: 2:29 (effective; at max. current) 

Bmax: 0:34 T (peak; at max. current) 

Tuning range: 0.58-3.0 keV (1st harmonic) 

0.58—10.0 keV (1st—5th harmonic) 

On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018 
Switching frequency (limited by storage ring operation): 0—0.5 Hz 
Switching rise time: 50 ms 
Source size and divergence at 2 keV: 

X. 276 um dy: 12 um 
X. 16.7 urad y 12.7 urad 


1.80-cm SUPERCONDUCTING UNDULATOR 
(2 IDs IN SEcToRs 1, 6) 
Period: 1.80 cm 
Length: 1.1 m 
Gap: 9.5 mm (fixed) 
Max. current: 450 A 
Eun 0.962/1.61 (effective; at maximum current) 
Tuning range: 11.2—24.7 keV (1st harmonic) 
11.2-150.0 keV (1st-13th harmonic, non-contiguous) 

On-axis brilliance at 13 keV (ph/s/mrad2/mm2/0.1%bw): 3.2 x 1019 
Source size and divergence at 13keV: 

x, 276 pm dy: 11 um 

X: 13.2 urad Y 7.5 urad 


APS BENDING MAGNET 
Critical energy: 19.51 keV 
Energy range: 1—100 keV 
On-axis brilliance at 16 keV (ph/s/mrad2/mm?/0.196bw): 5.4 x 105 
On-axis angular flux density at 16 keV (ph/s/mrad2/0. 196bw): 9.6 x 1013 
Horizontal angular flux density at 6 keV (ph/s/mradh/0.1%bw): 1.6 x 101° 
Source size and divergence at the critical energy: 

xy: 92 ym dy: 31 um 

X6 urad 2y: 47 urad 
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Panorama of the APS particle accumulator ring. Left to right in the photo are Aaron Lopez, Guy Harris, and Debra Curry (all AES). 
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